Adoo aiavwAV xsaa 



o 



CO 



U 
C 

a; 

a 
<u 

10 

to 
<u 
u 
c 

CU 
1_ 

10 

to 
o 

U 



c 
o 

4-J 

T5 
"O 
< 

CD 
U 

c 

c 
o 



u 

CO 
0) 

Q 



a> 
c 
a; 



o 



c 

o 

n 

E 
o 



c 
cu 



ro 

o o 



44: 



co 
rsi 
o 

LO 
X 

U 

CQ 



c 

o 
Vi 
to 
o> 

u 
< 



lT S 
to 

E 



CD 

E 

TO 



c 

LU 



L* 

E 



01 
Q. 
>> 
h- 
QJ 
ZJ 

u 

CD 



tH — - 00 

cm ^ cm 

^- 3 o 

m X LO 



ro 

CT> 

cn 

iH 

j 

U 

LU 

a 
i 

00 

rsi 



c 

<u 
u 
c 

CD 
=3 
CT 
CD 
LO 



C 

o 

'> 

b 



C 
LU 



C 

o 

CD 
> 

0> 
(J 

c 

a; 

CT 
0> 

LO U 



TO 

Q 

c 
o 

4-> 
TO 

a; 



o 
o 
o 

rsi 

ok 
< 



o 



to 
Q 

c 
g 

TO 
(J 

i^- 
T3 
O 



LA 

u 



Cl 

E 
o 
u 



£ 

ST 
X 

u_ 
c 

4-J 

o 

l_ 

CL 

c 

TO 

E 
o 

T3 
"O 

TO 
CD 



C 
TO 

E 

D 
X 



c 
o 



D 



Q 



CO 

■a 
i_ 

o 
cd 



c 

TO 

E 

3 



L0 

c 

QJ 

'q. 

TO 
CO 

o 

E 
o 

X 



cu 

TO 

'c 

E 
o 
x 



TO 
U 

Lo* 
<u 

4-» 

TO 

E 



CD 
JC 

4-J 

LU 



TO 

E 



E 
o 

4-J 
CO 

o 

CD 



3 
LU 



CD 
t 

CD 
> 

TO 

4-* 

TO 

'c 

TO 
i_ 

u 



TO 

"a 
i_ 

o 

-C 

u 

TO 

o 

N 
TO 

<U 

Z 



o 

55 



c 
o 

w .y 



E 

CO 

'c 

TO 

cn cn 

o o u 



ro 

E 
o 
u 

TO 
V) 

o 
> 
E 
o 

"D 
13 
TO 



O 

cu 
> 



o 
E 

3 



O 

W 

O 



ro 

X 
< 
CL 



C ro 

A3 CTi 



O 

*o 

(0 

r 



LO 

ro 
rsi 

i 

o 
ro 
r>J 

ro 



LO 

o 
o 



00 
O 
LD 

rsi 
00 



TO 
CO 



> 
o 
a: 



CO 
LTD 

a3 

D 
C 
TO 

E 

LU 



CL) 

sz 
u 

CO 
TO 



LO 

>^ 
TO 
>« 

sz 

"O 
TO 
CL 
O 

3 



to 
u 
<u 

"O 



Si 3 

= '5 4J 

TO 3 TO 

CD U. ^ 



CM "O 

I £ 

Z CL 



to* 

> 
TO 

a 

.2 z[ 

to : — 
O ^ 
CL CD 

N 



TO 



u 
c 

»*- 



4-J 

LO 

a; 
u 

i_ 

CL 

LO 

KD 
O 
ciD 
ro 

cu 

4-J 

3 



CO 

c 



ro 

4-» 

CO 

5 



TO 

E 
o 

TO 



CO 

cu 

CO 
TO 
_Q 
TO 

4-J 

TO 

*a 
< — i 

CO 

a 
a 

c 

TO 
CO 
c 

cu 

CO 

LU 
CU 

_c 

4-J 

o 

^ < 

ro 3 



rH CL 

o ^ 

^ TO 

4J QJ 

C -D 
15 
L0 Q. 



rst 
ro 



c 
o 

4-J 

CO 

o 

CL 



u 

C 

CP 
u 

a; 

2 

i 

V) 
CA 
O 

U 

m 

V) 

m 

XI 

m 
D 



o 
o 

CN 

in 

CN 
CN 



cn 

CN 
O 



a 
o 



+ 

CL) 
i 

CN- 
N 

CU 

f 



1 

IS 

L- 

CO 

3 

i 

is 

CL) 

GO 
Lh 

to 



X3 



0) 
3 

> 



O 

en 

c 
o 

X 
03 



0£ 

E 

a 

> 



x ^ '— 

3 = 



o 
E 



IT) 

c 

CL 
fD 

l/l 

o 

E 
o 

X 

E 

w 

*E 

(0 



t 



c 
o 

o 
u 



00 

rv 

(N 

<r~i 

o 

< 
o 





rv 


cn 






T-l 


00 


00 


oo 


cn 


w: 


CL 


cu 


a_" 


c 


cn 


a; 


(/) 




X 


m- 




<u 


(U 


L. 


1- 


X 


X 


J 


1 

.a 




■a 



00 

rv 

tH 

O 
o 

J_ 
CL 
i 

to 

CO 

o 

i_ 

a. 
'c 
3 



X 

J 

■a 



c 

-j— ' 
O 
i_ 
CL 

E 
'ro 

E 
o 

"O 
T3 

ro 
a; 




c 

a; 



3 

■o 



w 
c 

i- ro 



c 

3 

o 
u 

(A 
u 



O 

9i 

C 
3 
O 
U 



in 
o 

CO 
+j 
C 
3 
O 

u 

m 

oo 



O 

o 
o 



ro 

3 



rv 


00 


O 


IV 


ro 


vo 


VO 


IV 


ro 


LO 


ro 


on 


00 


i-i 




<X) 


vo 


VO 


iv 


00 


vo 


^0 


vO 


iv 


00 


CM 


rsj 


fM 


rsi 


in 


CO 


CO 


CO 


CO 


CO 


Q 


Q 


Q 


Q 


Q 













CO 
Q 



c 
o 

E 
o 



4-i 3 

2 « 
< £ 



c 




0 


T-t 


'£ 


OM 


ro 




u 


00 


0 




-i 


T-l 








V 




i_ 




3 




O 







IV 



0) 

u 
c 

3 

cr 

cu 



c 

3 

o 
u 

u 

rsT 
in 

CO 
4J 

c 

3 

o 
u 

< 

CL 

CO 

tH 

f\J 

oo 



c 

0) 



(J 



U 

c 
a» 
u 
cr 
cu 
cn 



h4 



S 
o 

I 

N 

-4— » 

I 

'5b 
o 

«3 



3 

■ i— i 

<U> 

GO 
Lh 

CO 



CL 



V 0 



0 



< 

IS 





U 


u 


01 


01 


u 


01 


u 


u 


01 


01 


u 


Ol 


u 


01 


u 


u 


4-> 


4-1 


u 


01 




U 


u 


4-> 


OS 


u 


4J 


u 


03 


os 


os 


u 


4-1 


03 


03 


01 


01 4-> 


u 


4J 


4J 




U 


cn 


u 


01 


01 


u 


u 


03 


Cn 


03 


4J 


03 


cn 


u 


03 


03 


u 


03 


u 


os 


(Y 

M-j 


Cn 


cn 


u 


Oi 


Ol 


u 


01 


u 


01 


u 


Ol 


Cn 


Ol 


u 


03 


4-1 


4-> 


4-> 


4-1 


U 


T 1 

J-t 


4J 


u 


01 4-> 


u 


01 


4-> 


01 


U 


4-» 


4-J 


01 4J 


4J 


u 


u 


OS 


o 


03 


U 


V 
tXi 


u 


jj 


01 


u 


01 4-) 


Ol 


u 


01 4-> 


u 


4-> 


03 


u 


Cn 


03 


01 4-1 


03 


OS 


U-l 


01 


u 


01 


01 


01 


u 


01 


u 


01 


u 


4-J 


01 


u 


4J 


4-) 


03 


4J 


a 


4-> 


u 




u 


(d 


u 


4J 


u 


01 


o 


01 


u 


OS 


03 


cn 


u 


u 


u 


01 


OS 


u 


03 


Ol 




o 


03 


01 4-> 


01 


Ol 


u 


u 


4-) 


4-) 


03 


4-1 


4J 


4J 


u 


u 


Ol 


Ol 


Ol 


01 


C 


Oi 


u 


01 


u 


01 


01 


01 


u 


o 


u 


4J 


4J 


03 


OS 


01 


4J 


Ol 


01 


Ol 4-> 


•H 


rd 


u 


u 


01 


u 


u 


u 


u 


en 


o 


OS 


u 


u 


u 


Cn 


u 


03 


4J 


4J 


u 


<D 


Cn 4J 


01 


03 


01 


Ol 


u 


4-1 


OS 


u 


u 


4J 


01 


01 


4-) 


u 


u 


03 


4J 


o 


4-> 


u 


Oi 


u 


01 


01 


01 


u 


01 


01 


01 4-) 


4-1 


4J 


OS 


OS 


u 


OS 


Ol -U 


03 


0 


-U 


as 


u 


4J 


4J 


rd 


03 


o 


03 


4J 


Cn 


Ol 


u 


03 


03 


01 


m 


OS 


4-J 


U 


u 


4J 


u 


Cn 


u 


Ol 


Ol 


u 


4-> 


01 


Ol 


u 


OS 


Ol 


OS 


o3 


u 


Ol 


03 


o 


4-> 


£X 


o 


u 


u 


u 


01 


01 


01 


o 


u 


o 


4-1 


03 


03 


Cn 


u 


4-1 


u 


03 


4-J 


U 




os 


01 


03 


OS 


u 


u 




01 4-J 


01 4J 


03 


01 


oi 


o 


4J 


u 


u 


03 


U 


C 


cn 


03 


Cn 


03 


Cn 


u 


u 


03 


OS 


03 


03 


03 


03 


oj 


4-1 


4-> 


03 


01 


03 


4J 


•H 




u 


u 


cn 


u 


Cn 


u 


u 


Ol 


OS 


03 


03 


01 


4-1 


03 


cn 


u 


03 


01 


to 

e 


u 


4-> 


u 


Ol 


u 


01 


u 


cn 


u 


03 


u 


Ol 


Ol 


03 


4J 


u 


4-> 


u 


03 


03 


0 


u 


4-J 


u 


03 


Ol 


01 


4-> 


OS 


Ol 


03 


4J 


Ol 


03 


03 


4-J 


03 


03 


Ol 


Ol 


U 


T3 


u 


01 


u 


01 


Ol 


Ol 


Ol 


Cn 


01 


u 


4-1 


4-> 


Ol 


u 


01 


4-1 


4-1 


4-1 


Ol 


U 


OJ 


OS 


03 


4J 


u 


03 


4J 


OS 


03 


4-> 


03 


u 


01 


u 


03 


cn 4J 


u 


4-1 


U 


TJ 


cn 


01 


03 


n3 


Ol 


u 


Ol 


OS 


OS 


01 


03 


os 


03 


01 


o 


03 


03 


4-J 


03 


03 


OJ 


u 


01 


u 


u 


01 


a 


u 


u 


o 


cn 


Ol 


03 


4-1 


4J 


03 


01 


u 


03 


u 


01 


<D 


4-) 


u 


a 


4-J 


4J 


4J 


u 


Cn 


o 


4-) 


03 


Ol 


u 


u 


u 


Ol 


u 


o 


OS 


U 




as 


u 


01 4-> 


01 4-) 


a 


a 


os 


os 


03 


Cn 


u 


01 


4-1 


4-> 


u 


u 


03 


4J 




cn 


01 4J 


u 


u 


u 


01 


cn 


u 


01 


Ol 


os 


4-J 


03 


03 


u 


oJ 


Oi 


03 


4-1 




03 


01 


u 


03 


u 


03 


01 


u 


4-> 


Ol 


Ol 


03 


u 


Ol 


Oi 


03 


u 


u 


o3 


4-1 




cn 


03 


O) 


01 4J 


Ol 


01 


u 


OS 


4J 


4-) 


01 4-1 


u 


Ol 


oi 


4-1 


u 


Ol 


01 


0 


Cn 


u 


01 


u 


a 


01 


o 


01 


u 


Ol 


a 


4-) 


03 


u 


4-> 


4-> 


u 


u 


U 


4-1 


m 


4-1 


u 


u 


u 


Ol 


01 


u 


OS 


4J 


OS 


01 


03 


03 


01 


o 


03 


4-1 


03 


U 


u 




01 


u 


01 


01 


01 


Ol 


u 


u 


u 


Cn 


Ol 


OS 


ai 


03 


u 


01 


o 


4-> 


U 


03 


c 


cn 


cn 


u 


u 


u 


u 


Ol 


01 


u 


u 


Ol 


01 


01 


03 


u 


4J 


OS 


Ol 4J 


OS 


03 


4-> 


4-> 


01 


01 


u 


01 


u 


Cn 


fTS 


03 


u 


OS 


01 


Ol 


Ol 


4J 


01 4-1 


03 


4-> 




Cn 


u 


03 


03 


a 


4-1 


o 


01 


Ol 4-J 


01 


u 


01 


u 


03 


4-> 


OS 


Ol 


OS 


4-J 




Cn 


01 


u 


u 


cn 


01 


Ol 


Ol 


u 


u 


Ol 


01 


a 


o 


u 


u 


01 


Ol 


o 


03 




«J 


u 


01 4-> 


u 


4J 


u 


u 


u 


4J 


a 


4-1 


Ol 


01 


OS 


03 


Ol 4-1 


01 


u 




u 


u 


01 


cn 


01 


u 


u 


01 


Ol 


OS 


4J 


Ol 


03 


03 


Ol 


01 


Ol 


03 


OS 


4J 




4J 


01 


cn 4-) 


01 


01 


u 


u 


u 


01 


a 


4-> 


01 


cn 


Ol 


4J 


4J 




03 


03 


o 


u 


01 


u 


u 


03 


01 


u 


4-) 


OS 


03 


Ol 


Ol 


03 


03 


01 


03 


Ol 


u 


4J 


a 


<H 


u 


4-> 


4J 


Ol 


u 


01 


u 


u 


4J 


u 


03 


u 


03 


as 


o» 


01 


03 


4J 


oi 


03 


CO 


cn 


u 


01 


u 


Ol 


01 


01 


01 


u 


01 


o 


4-1 


u 


4J 


4J 


4J 


4J 


4J 


01 


03 


(M 


u 


u 


u 


u 


u 


Ol 


03 


u 


u 


u 


03 


4-> 


Ol 


o 


u 


03 


4J 


03 


OS 


u 


O 


Cn 


03 


u 


01 


u 


01 


u 


o 


4-> 


4J 


OS 


03 


01 


Ol 


Ol 


oJ 


03 


u 


Ol 


u 


CO 


Cn 


U 


01 4-1 


u 


u 


01 


Cn 


Ol 


Ol 


u 


u 


4J 


4-> 


4-> 


u 


4J 


Ol 4-> 


03 


n: 


OS 


01 


u 


u 


4-> 


u 


u 


01 4-) 


4J 


Ol 4-) 


Ol 4-> 


01 


01 


u 


4-1 


u 


u 




Cn oJ 


01 


cn -u 


03 


u 


01 


u 


u 


03 


4J 


01 4-> 


Oi 


OS 


03 


Ol 4-J 


4J 


o 


u 


01 


Cn 


01 


u 


u 


03 


4-> 


u 


Ol 


u 


01 


Ol 


OS 


01 


o 


4-> 


4-J 


Ol 


03 


i-H 


u 


u 


u 


u 


as 


u 


u 


o 


OS 


u 


03 


OS 


03 


oi 


os 


OS 


01 


03 


4-> 


u 


PO 


Cn 4J 


u 


4J 


Cn 


01 


u 


01 


OS 


03 


Ol 


OS 


Ol 


03 


01 


u 


03 


01 


u 


4J 


CM 


Cn u 


u 


u 


01 


u 


Ol 


u 


u 


u 


4-» 


u 


03 


4-> 


Ol 


4-J 


4-> 


Ol 4-1 


u 


O 


4J 


01 


01 


u 


03 


u 


u 


o 


01 4J 


Ol 


cn 


u 


cn 


OS 


u 


u 


cn 


01 4J 


D 


OS 


o 


03 


01 


01 


Ol 


Ol 


01 


Ol 


u 


Ol 


OS 


o 


OS 


u 


4J 


Ol 


Ol 


03 


u 




u 


01 


u 


01 


u 


01 


03 


U 


Cn 


01 


Ol 


u 


4J 


u 


o 


u 


4-J 


OS 


U 


4-» 


rH 


u 


u 


u 


u 


01 


u 


u 


u 


Ol 


01 


OS 


OS 


03 


03 


01 


Ol 


OS 


OS 


U 


4-> 




as 


u 


4J 


4J 


03 


01 


u 


Cn 4_) 


u 


OS 


u 


03 


OS 


01 


01 


03 


01 


U 


u 




u 


01 


u 


u 


Ol 


u 


u 


u 


Ol 


01 4-> 


03 


u 


u 


4J 


4J 


OS 


03 


03 


u 






Cn 


u 


u 


03 


u 


03 


a 


u 


OS 


03 


4-1 


4-> 


03 


a 


u 


u 


Ol 4-1 


03 


A 


cn 


u 


03 


u 


Cn 


01 


u 


o 


Ol 


OS 


Ol 


a 


u 


OS 


4-1 


u 


4-J 


Ol 4J 


03 



U4JOio3Cn4JOCnuo4JUojo3a3o3o3o34Ja3CnoJo3 

OlOUU4->OSU4J 03 4-)4-) 03 4JU0300lOOl4JUCno3 
oJUOloSo3oSOCn4->Oo3o34JOlo3oJOl4J4JoSOlDn4J 
U Oi4-> 0101014-J OS U OiU U OiaS ai 4J 4J 4J OioS4J4J U 

U 4-J 01 4J 4-> 4J CD 03 010S4J U Ol 03 U 01 4J 4J 4J 4-> U 4J Ol 

Uo34-io3o3o3UUOlo3o3UOlOlo34Jo34JOiOl4J(J4J 
03CnU4JUOlOlUOlOlUOl030S03UU03 4-l4-}4JUU 
U 03 034JU4J OiU 0103 U 4-J OlOiaS U U OI4J4J-U 014J 
4-) U 03 030103 OloSOlCyi4J4-i4J 03 oJ4-> Olo54->4-}4->aS oJ 
4J04JUUo3UOlOlOloSCnuOlo34J4-)o3o34JOlUo3 
0JOa3 03 a3a3a34-}4-Ja5034-JOi4Jaj4JOi034->4-i4-iaSU 
03U4->0l030303OUUOiCnOlU0S4-)4J0S0lUU0S4J 
0101014J01U U U U U 014-J 03 03 0S4-) U 014-J4JU 0103 
4J4JOSOSOS034-)OlU034JOJU03030S030S4JU034J4J 

4->4->Oo3Ua3CnuOluma34->Cno3UOlUa3a34J4->4-J 
4J4->4J4-iU4->o3U4JUouoicnoSo30iCncn4-)Oo30i 
Cnucno3Cno3uo30i4JoSoS4-)oj4JCnoJ4-ioso3o3U4-> 

03U03UOlUOlo3o3 U010101U4->030J4->U4J4JUU 
U U OiU 014-J4-1 01014J4J4J OiOiOiaS4-> 03 o34J Oi4-i U 

U0l4JO4JOO4-J4J4J0l4-)Cn0S0l0S03034J4J4JUOl 
030J03UU4-l4JOS03U4-l4-l4-)U4JUOl4JOSOl4-J4JOS 
UOl4->4->4J 03 05 4JCnUOUU0S4JOl0303Ol034-l0S4-> 

034J 01U4JUU OloJ OloSoS OlCnuo34J4Jo3o3CnOOl 
03 oS 01U010103 OiU OlOloJ o34-)4J U Oia34-> o34->OioS 

03 U 03 4J O1O1O1O101O1034J4J U4J 014J U O1014J4J 03 
U O1O1UO103 03 U 4-J 4-J 4-J 4J 034J4-1O1U U 03 Ol-PU U 

umoi4JOUu.pa3o34J4->ucn4J4JCno3uo34J-uu 

03U4JUUUOlUU03U4J054JOl4J4-)UOl03U4->0S 
UUo3o3CnOlo3UUCnOloSU4-)o3UOo3oSUoSo3o3 
U4-)4JOloSo5Uo3Uo3UOio3oS4Jo30i4JoSUo3UOi 

O10S4J4JU U4-1 U U a 01O1O1014J 014J U4-J-U03U 03 

U03OlU0JOlU0So3Ol034JU0S4J03Ol030JOl4-)4-iOl 

oiu o34-ia3 cncnu u 01014-j os U4_>04J u-u 01 j-> u u 

4->U0l4->U4-l4JUU4J4JO3o34JU4-lO34J0j4JOl4J03 

-UO1UUU0503UU034-JUU4-1UO14JU4J4-10S03U 
4JCn4JoJU4-iOUU4Jo3o3o3UOU4J03CnoSoSo3oJ 
014-1 OlOlOlO 03 OlOlU U4-1 O10S4-14J 01034-1 034J OIU 
U03034J03UOl4J4-)Ol4-J030S4-)U4-lOl034-)UOS4-J4-J 

4J4Jo3UUo30lo3UCn4JOlo30)o34-io3U4-iUOlU4-J 

U0j4JOlUO34JU4->4-lCno3U03O3UUU4-J4-J4-}Oj03 

03U0S4JUUUUUn34-)Ol4-J0SUUOlOlOl0S4J030S 
4-)o3o34JOl4JUoSUoSoSOlCno3U4J4-)4Jo34-)UOiOl 
U4JUOlo30lUUOlUU4J4->oSo34JOlOlo3o34->oSoJ 
O10S 03 03 4_) 4-1 o3 Oi 4-J OlOioS Oi4-> U4->4-) 03 U oS OiaS U 
4-J 4-) cncnoiaj u 03 014-1 OiOioS4-)4J4J 010J4-1034J os os 

0103 OIOIOIU U 03 OS U 4-J 01UU4J4-14J OI4J-P03 U U 

UOSOSOSOl4-)U4J03 0lOS4JOSo34J4JOS4-)4-lUU03U 

U0SU03CnOl030lU03Ol0SUUUU0303U4-)4-iUOl 
010S4J 014-) 014-) oiaJ U OiU 03 a34J U U o30i4JU4J4-J 

UOj4J4JUUo3U4JCn4-)4JU4JOl4-»UU4J4JUOS4-> 

03UU-PU4->Ua3Cna3-PUU4->4JUUa3Oi4JOiCr>0i 
oiuo3U4-J4Juu4J cnuuuoiosuoi4->4J4->cnoiu 

0303U4->0S03Uo3U-i-)0S034JOlOlU4-i4-)CnCnOiU03 
U4Jo3UOlo34JUUCnOlCn4Jo3oSoS4-io30lOl4JoSU 
OiUa3oSU4JUUmU4J4->uua3oS4-JU4J4->a30i4J 
03 o3 03 014-1 U OiU U U 0103 O1O105 03 014-) U 4-J OI4-J4J 
Uo3UO>OlUo3Uo34Jo3o3o3o3UoS4-i4JU4-i4JUOl 
Olo3o34-)o3UUOlCnuo30io3CnuoSo34J4J4-)Olo34J 

4JU4-»UUOlU4-)03UUOl034J4-)OJOl03034J4J03U 

0SU0SUUO1UUOS4JUUUO1O10SO103O1O1UO1U 



O 



o 
o 



CD 

u 
c 

3 

a* 
<u 
(/) 



<D 
U 
C 

i_ 

in 

O 
i_ 

U 



TCI 
C 

g 

-a 
< 



w 

U 

c 
cu 

CD 



u 

QJ 

a 



a; 
c 
cu 



o 



O 

O 

o 
o 



PQ 
W 
PQ 

s 

i 

O- 

N 
+-* 

<D 

'5b 
o 



CO 
CO 



o 

cd 

CO 
CO 



a- 



UniProt Entry - UniProt [the Universal Protein Resource] 



Page 1 of 5 



rtlP 




r njnr" 

the universal protein resource 

Home About UniProt Getting Started 



Exhibit 2A 

a Home > Databases > UniProt 

hosted by 



J 



Text Search UniProt Kno 



Searches/Tools 



Databases 



Support/ Doc 



UniProt Entry 



PIR View 



UniProt Entry: P98177 



Niceprot View | SRS View 



ENTRY INFORMATION 


ENTRY NAME 


FOX04 HUMAN 


ACCESSION 
NUMBERS 


P98177; 043821; Q13720; Q8TDK9 


CREATED 


Release 34, 01-OCT-1996 


SEQUENCE 
UPDATE 


Release 41, 28-FEB-2003 


ANNOTATION 
UPDATE 


Release 46, 01-FEB-2005 


NAME AND ORIGIN OF THE PROTEIN 


PROTEIN NAME 


Putative fork head domain transcription factor AFX1 


DESCRIPTION 


Forkhead box protein 04 


GENE NAME 


MLLT7; AFX; AFX1; F0X04 


SOURCE 
ORGANISM 


Homo sapiens 


TAXONOMY ID 


9606 [NCBL NEWT] 


LINEAGE 


Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; Mammalia; 
Eutheria; Primates; Catarrhini; Hominidae; Homo 


REFERENCES 




[1] 


Peters U; Haberhausen G; Kostrzewa M; Nolte D; Mueller U. 

AFX1 and p54nrb: fine mapping, genomic structure, and exclusion as 

candidate genes of X-linked dystonia parkinsonism. 

1997, Hum. Genet, 100, 569-572. 

Position: NUCLEOTIDE SEQUENCE (ISOFORM 1).. 

Comments: tissue=Blood. 

PubMed: 9341872; Medline: 98001080. 


[2] 


Borkhardt A: Repp R: Haas OA: Leis T: Harbott J; Kreuder J et al View all. 
Cloning and characterization of AFX, the gene that fuses to MLL in acute 
leukemias with a t(X;ll)(ql3;q23). 

1997, Oncogene, 14, 195-202. 

Position: NUCLEOTIDE SEQUENCE (ISOFORM 1).. 



http://www.pir.uniprot.org/cgi-bin/upEntry ?id=P98 1 77 



2/25/2005 



UniProt Entry - UniProt [the Universal Protein Resource] Page 2 of 5 





PubMed: 9010221: Medline: 97163401. 


[3] 


Yang Z; Whelan J; Babb R; Bowen BR. 

An mRNA splice variant of the AFX gene with altered transcriptional 
activity. 

2002, J. Biol. Chem., 277, 8068-8075. 

Position: NUCLEOTIDE SEQUENCE (ISOFORM ZETA).. 

PubMed: 11779849: Medline: 21864263. 


[4] 


Parry P; Wei Y; Evans G. 

Cloning and characterization of the t(X;ll) breakpoint from a leukemic 
cell line identify a new member of the forkhead gene family. 

1994, Genes Chromosomes Cancer, 11, 79-84. 
Position: CHROMOSOMAL TRANSLOCATION.. 
Comments: tissue=Bone marrow. 
PubMed: 7529552; Medline: 951 18921. 


COMMENTS 


FUNCTION 


Plays a role in the insulin signaling pathway. 


SUBCELLULAR 
LOCATION 


Nuclear (Potential). 


ALTERNATIVE 
PRODUCTS 


IsoID=P98 177-1 
Name=l 

Name=FOX04a 
Sequence=displayed 

IsoID=P98 177-2 

Name=Zeta 

Name=AFXzeta 

Name=FOX04b 

Sequence=described 

Ref=VSP_001552 


TISSUE 
SPECIFICITY 


Heart, brain, placenta, lung, liver, skeletal muscle, kidney and pancreas. 
Isoform zeta is most abundant in the liver, kidney, and pancreas. 


DISEASE 


Involved in acute leukemias by a chromosomal translocation t(X;l I)(ql3;q23) 
that involves MLLT7 and MLL/HRX. The result is a rogue activator protein. 


SIMILARITY 


Contains 1 fork-head domain. 


ONLINE 
INFORMATION 


Atlas Genet. Cytogenet. Oncol. Haematol.; Contains 1 fork-head domain. 


DATABASE CROSS-REFERENCES 


EMBL 


Yl 1 284.CAA72 156.1. [GenBank, DDBJ] 
Yl 1285,CAA72156.1 JOINED. [GenBank. DDBJ] 
Yl 1286.CAA72156.1JOINED. rGenBank. DDBJ] 
X93996,CAA63819.1. [GenBank, DDBJ] 
U10072,AAA82171.LALT SEO. [GenBank, DDBJ] 



http://www.pir.uniprot.org/cgi-bin/upEntry?id=P98 177 



2/25/2005 



UniProt Entry - UniProt [the Universal Protein Resource] Page 3 of 5 





Ah 384029.AAL85 197.1. [GcnBank, DDBJ] 


ENSEMBL 


ENSG0000018448 1 .Homo sapiens. 


GENEW 


HGNC:7139.MLLT7. 


GO 


GO:0005634.C:nucleus.TAS. 
GO:0003677.F:DNA binding.TAS. 
uO:uuu705U,r:cell cvcle arrest, 1 Ai>. 
GO:00()8285.P:negative regulation of cell proliferation,! AS. 
GO:0006366.P:transcription from Pol II promoter.TAS. 
OuickGO 


INTERPRO 


IPR001766.TF Fork head. 

„ . . ^ . _ "VTA 1 1 

IPR009058,Wmg hlx DNA bnd. 


MIM 


300033. 


PDB 


1 E 1 7,NMR,A=6 1-210. 


PFAM 


PF00250.Fork head,l. 


PRINTS 


PR00053 .FORKHEAD. 


PRODOM 


PD()()()425,TF Fork head.l. 


PROSITE 


PS00657.FORK HEAD 1. FALSE NEG. 
PS00658.FORK HEAD 2.1. 

PS50039,FORK HEAD 3,1. 


SMART 


SN400339.FH.1. 


TRANSFAC 


T03403. 


UniRef 


View cluster of proteins with at least 50% / 90% identity. 


KEYWORDS 


3D-structure; Alternative splicing; Chromosomal translocation; DNA-binding; Nuclear protein; 
Proto-oncogene; Transcription regulation 



FEATURES 


Feature 


Description 


Begin 
Position 


End 

Position 


Length 


DNA-BINDING 
REGION 


Fork-head 


100 


188 


89 


SPLICE VARIANT 


(in isoform 

Zeta) /FTId=VSP_001552 


58 


112 


55 


SEOUENCE 
CONFLICT 


MDPGNENSATE 

-> MRIQPQK (in Ref . 2) 


1 


11 


11 


SEOUENCE 
CONFLICT 


QSRPRSCTWP 

-> RAVPLLHLA (in Ref. 1) 


25 


34 


10 


SEOUENCE 
CONFLICT 


P -> S (in Ref. 2) 


74 


74 


1 


SEOUENCE 


A -> G (in Ref. 2) 


79 


79 


1 
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SEOUENCE 


L -> F (in Ref . 2) 


109 


109 


1 


CONFLICT 


SEOUENCE 
CONFLICT 


R -> P (in Ref. 1) 


422 


422 


1 


TURN 




100 


101 


2 


HELIX 




106 


116 


11 


STRAND 




122 


123 


2 


HELIX 




124 


134 


11 


HELIX 




136 


138 


3 


HELIX 




139 


142 


4 


TURN 




143 


143 


1 


TURN 




145 


146 


2 


HELIX 




147 


159 


13 


TURN 




162 


163 


2 


STRAND 




164 


167 


4 


TURN 




170 


172 


3 


STRAND 




177 


180 


4 


TURN 




182 


183 


2 



Feature sequence (Put the mouse on the feature above to see the sequence below): 



SEQUENCE 



LENGTH 



505 aa 



MOLECULAR 
WEIGHT 



53758 Da 



CRC64 CHECKSUM 



809CED90E6EFCA8B 



SEQUENCE 



MDPGNENSAT 
EPDLGEKVHT 
WGNQSYAELI 
KNSIRHNLSL 
SSKLLRGRSK 
DMWTTFRPRS 
NEGLELLDGL 
GPLSAGEGCF 
GLPSSSKLAT 
TPVLTPPTEA 
FEPDP 



EAAAIIDLDP 
EGRSEPILLP 
SQAIESAPEK 
HSKFIKVHNE 
APKKKPSVLP 
SSNASSVSTR 
NLTSSHSLLS 
SSSQALEALL 
GVGLCPKPLE 
ASQDRMPQDL 



DFEPQSRPRS 
SRLPEPAGAP 
RLTLAQIYEW 
ATGKSSWWML 
APPEGATPTS 
LSPLRPESEV 
RSGLSGFSLQ 
TSDTPPPPAD 
ARGPSSLVPT 
DLDMYMENLE 



CTWPLPRPEI 
QPGILGAVTG 
MVRTVPYFKD 
NPEGGKSGKA 
PVGHFAKWSG 
LAEEIPASVS 
HPGVTGPLHT 
VLMTQVDPIL 
LSMIAPPPVM 
ODMDNIISDL 



ANQPSEPPEV 
PRKGGSRRNA 
KGDSNSSAGW 
PRRRAASMDS 
SPCSRNREEA 
SYAGGVPPTL 
YSSSLFSPAE 
SQAPTLLLLG 
ASAPIPKALG 
MDEGEGLDFN 



50 
100 
150 
200 
250 
300 
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400 
450 
500 
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ADDITIONAL INFORMATION FROM iProClass 



Go to iProCiass 



Molecular Function 

GO: 0003677 : DNA binding [SPKW; evidence :ffiA] [PMID: 90 10221 ; 
evidence :TAS] 

GO: 0003700 : transcription factor activity [INTERPRO: evidence:IEA] 
Biological Process 

GO: 0006355: regulation of transcription, DNA-dependent [ INTERPRO ; 
evidence:lEA] [ SPKW ; evidence:IEA] 

GO: 0008151 : cell growth and/or maintenance [ SPKW ; evidence:IEA] 
GO: 0007050 : cell cycle arrest [PMID: 10783894 ; evidence:TAS] 
GO: 0008285 : negative regulation of cell proliferation [PMID: 10783894 ; 
evidence : T AS ] 

GO:0006366: transcription from Pol II promoter [PMID: 10783894 ; 

evidence:TAS] 

Cellular Component 

GO: 0005634 : nucleus [ INTERPRO ; evidence:]EA] [ SPKW ; evidence:IEA] 
[PMID: 9010221; evidence:TAS] 
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□ l: Oncogene. 1997 Jan 16; 14(2):195-202 



Related Articies ) L 



nature paMisHng. sjtoup 



Cloning and characterization of AFX, the gene that fuses to ML 
in acute leukemias with a t(X;ll)(ql3;q23). 

Borkhardt A, Repp Ft, Haas OA, Leis T, Harbott J, Kreuder J, 
Hammermann J, Henn T, Lampert F. 

Department of Pediatrics, University of Giessen, Germany. 

We report the cloning and characterization of the entire AFX gene which fus 
to MLL in acute leukemias with a t(X;ll)(ql3;q23). AFX consists of two exo: 
and encodes for a protein of 501 amino acids. We found that normal B- and 
cells contain similar levels of AFX mRNA and that both the MLL/ AFX as w 
as the AFX/MLL fusion transcripts are present in the cell line and the ANLL 
sample with a t(X;l I)(ql3;q23). The single intron of the AFX gene consists < 
3706 nucleotides. It contains five simple sequence repeats with lengths of at 
least 12 bps, a chi-like octamer sequence (GCA/TGGA/TGG) and several 
immunoglobulin heptamer-like sequences (GATAGTG) that are distributed 
throughout the entire AFX intron sequence. In the KARPAS 45 cell line the 
breakpoints occur at nucleotides 2913/2914 of the AFX intron and at 
nucleotides 4900/4901 of the breakpoint cluster region of the MLL gene. The 
AFX protein belongs to the forkhead protein family. It is highly homologous 
the human FKHR protein, the gene of which is disrupted by the t(2;13) 
(q35;ql4), a chromosome rearrangement characteristic of alveolar 
rhabdomyosarcomas. It is noteworthy that the t(X;l I)(ql3;q23) in the KARF 
45 cell line and in one acute nonlymphoblastic leukemia (ANLL) disrupts th< 
forkhead domain of the AFX protein exactly at the same amino acids as does 
the t(2;13)(q35;ql4) in case of the FKHR protein. In addition, the 5'-part of t 
AFX protein contains a conserved hexapeptide motif (QIYEWM) that is 
homologous to the functionally important conserved hexapeptide QIYPWM 
upstream of the homeobox domain in Hox proteins. This motif mediates the i 
operative DNA binding of Pbx family members and Hox proteins and, 
therefore, plays an important role in physiologic and oncogenic processes. In 
acute leukemias with a t(X;l I)(ql3;q23), this hexapeptide motif is separated 
from the remaining forkhead domain within the AFX protein. The predicted 
amino acid sequence of AFX differs significantly from the partial AFX prote 
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sequence published previously (Genes, Chromosomes and Cancer, 1994, 1 1, 
79-84). This discrepancy can be explained by the occurrence of two sequenci 
errors in the earlier work at nucleotide number 783 and 844 (loss of a cytosin 
residue or guanosine residue, respectively) that lead to two reading frame shi 

PMID: 9010221 [PubMed - indexed for MEDLINE] 
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Insulin Inhibition of Transcription Stimulated by the 
Forkhead Protein Foxol Is Not Solely due to 
Nuclear Exclusion 

WEN-CHI TSAI, NISAN BHATTACHARYYA, LI-YING HAN, JOHN A. HANOVER, and 
MATTHEW M. RECHLER 

Diabetes Branch (W.-C.T., N.B., L.-Y.H., M.M.R.) and Laboratory of Cell Biochemistry and Biology (J.A.H.), National 
Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland 20892-1758 



The FOXO family of forkhead transcription factors stimu- 
lates the transcription of target genes involved in many 
fundamental cell processes, including cell survival, cell cy- 
cle progression, DNA repair, and insulin sensitivity. The 
activity of FOXO proteins is principally regulated by acti- 
vation of protein kinase B (PKB)/Akt by insulin and other 
cytokines. PKB/Akt phosphorylates three consensus sites in 
FOXO proteins, leading to their export from the nucleus and 
the inhibition of FOXO-stimulated transcription. It has 
been widely accepted that the decreased transcription re- 
sults from reduced abundance of FOXO proteins in the nu- 
cleus. In the present study we mutated Leu 375 to alanine in 
the nuclear export signal of Foxol (mouse FOXOl), so that 
it would remain in the nucleus of H4IIE rat hepatoma cells 
after insulin treatment, and determined whether insulin 



could still inhibit transcription stimulated by the Foxol 
mutant. Despite the retention of the Foxol mutant in the 
nucleus, insulin inhibited L375A-Foxol -stimulated tran- 
scription to the same extent as transcription stimulated by 
wild-type Foxol. Similar results were obtained using re- 
porter plasmids containing the rat IGF-binding protein-1 
promoter or a minimal promoter with three copies of the 
insulin response element to which FOXO proteins bind. We 
conclude that insulin can inhibit Foxol -stimulated tran- 
scription even when nuclear export of Foxol is prevented, 
indicating that insulin inhibition can occur by direct mech- 
anisms that do not depend on altering the subcellular dis- 
tribution of the transcription factor. (Endocrinology 144: 
5615-5622, 2003) 



DECREASED INSULIN inhibition of the transcription 
of two key enzymes in gluconeogenesis, phos- 
phoenolpyruvate carboxykinase and the catalytic subunit 
of glucose-6-phosphatase, contributes to the increased he- 
patic glucose production and hyperglycemia associated 
with type 2 diabetes (1-3). The promoters of both genes 
contain a consensus insulin response element (IRE) that 
confers on minimal promoters the ability to be negatively 
regulated by insulin (4, 5). A similar IRE is present in the 
promoter for IGF-binding protein-1 (IGFBP-1) (6-8), a 
protein that binds IGF-I and IGF-II and regulates their 
growth-promoting and insulin-like activities. IGFBP-1 tran- 
scription is increased in diabetic rat liver and is rapidly 
normalized by insulin (9, 10). 

Insulin inhibition of IGFBP-1 gene expression is mediated 
by phosphatidylinositol 3-kinase (PI 3-kinase) (11, 12) and its 
downstream effector, serine / threonine-specific protein ki- 
nase B (PKB)/Akt (12). Recognition that a similar insulin 
signaling pathway in Caenorhabditis elegans inhibited the 
transcription factor Dafl6 (13, 14), an ortholog of the FOXO 
subfamily of forkhead transcription factors (15), suggested 
that FOXO proteins might mediate insulin inhibition of tran- 
scription in mammalian cells. Three human FOXO proteins 



Abbreviations: FITC, Fluorescein isothiocyanate; FOXO, forkhead 
box transcription factor, subfamily O; Foxol, mouse FOXOl; GFP, green 
fluorescence protein; IGFBP-1, IGF-binding protein-1; IRE, insulin re- 
sponse element; NES, nuclear export signal; PI 3-kinase, phosphatidyl- 
inositol 3-kinase; PKB, protein kinase B. 



(FOXOl, FOX03a, and FOX04) 1 and their mouse counter- 
parts (Foxol, Foxo3, and Foxo4) have been identified and 
extensively characterized (16-19). They share a conserved 
central DNA-binding domain (the Fox box, residues 155-255 
in the 652-amino acid Foxol used in the present study) and 
have a C-terminal frans-activation domain (20). The FOXO 
proteins bind to an IRE in the proximal promoter (21-23) 
of target genes involved in insulin sensitivity, cell sur- 
vival, cell cycle progression, and DNA repair (24-27) and 
stimulate their transcription. 

After being activated by insulin or the closely related 
growth factor IGF-I, PKB/Akt phosphorylates FOXO pro- 
teins at three conserved sites (Thr 24 , Ser 253 , and Ser 316 in 
Foxol) (28-30). Phosphorylation of these sites leads to inhi- 
bition of FOXO-stimulated transcription (24, 31-33) and re- 
distribution of the transcription factor from the nucleus to the 
cytoplasm (24, 34, 35). Brunet et al (24) proposed that the 
export of FOXO from the nucleus after phosphorylation by 
PKB/Akt would prevent the transcription factor from acti- 
vating its target genes. The concept that nuclear exclusion is 
the principal mechanism of FOXO regulation has been 
widely accepted and has been extrapolated to other growth 
factors and cytokines that activate PKB/Akt (36-38). 

The present study examines whether insulin also can in- 
hibit Foxol-stimulated transcription by other mechanisms 



1 The human (FOXO) and mouse (Foxo) members of the FOXO sub- 
family were previously known as FKHR (FOXOl, Foxol), FKHRL1 
(FOX03a, Foxo3), and AFX (FOX04, Foxo4). 
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when redistribution of Foxol to the cytoplasm has been 
prevented. Our strategy was based on the demonstration by 
Biggs et al {39), subsequently confirmed by other investiga- 
tors (40-42), that Foxol was exported from the nucleus by 
the Crml export transporter that binds to a leucine-rich nu- 
clear export signal (NES) in the presence of Ran-GTP (43-46). 
Biggs et al (39) reported that a Foxol mutant in which Leu 375 , 
a key residue in the NES (47), was mutated to alanine re- 
mained in the nucleus of CV1 monkey kidney cells after 
incubation with insulin (39). In the present study we dem- 
onstrate that L375A-Foxol is localized predominantly in the 
nucleus of H4IIE rat hepatoma cells after insulin treatment, 
and that despite nuclear localization of the mutant transcrip- 
tion factor, insulin inhibits transcription stimulated by L375 A- 
Foxol and wild- type Foxol to the same extent. We conclude 
that insulin can inhibit Foxol -stimulated transcription by 
additional mechanisms besides simple relocation to the 
cytoplasm. 

Materials and Methods 

Materials 

The plasmid pCMV5-c-Myc-Foxol (henceforth, pCMV5-Foxol) was 
provided by J. Nakae and D. Accili (29, 33). p925-GL3 Basic, a luciferase 
reporter plasmid containing nucleotides —925 to +79 of the rat IGFBP-1 
promoter (7, 33), was previously described. pCMV5 empty vector was 
prepared by Xbal digestion of pCMV5-Foxol to delete the Foxol insert. 

The plasmid pGL3-Promoter was obtained from Promega Corp. 
(Madison, WI); plasmid Bluescript II (KSn -1 ") was purchased from Strat- 
agene (La Jolla, CA); DMEM (low glucose) was obtained from Invitrogen 
(Carlsbad, CA); fetal bovine serum was purchased from HyClone Lab- 
oratories (Logan, UT); Humulin U-100 regular insulin was obtained 
from Eli Lilly & Co. (Indianapolis, IN); anti-c-Myc mouse monoclonal 
immunoglobulin G (9E-10) was purchased from Santa Cruz Biotech- 
nology, Inc. (Santa Cruz, CA); fluorescein isothiocyanate (FITC)-conju- 
gated AffiniPure donkey antimouse antibody was purchased from Jack- 
son ImmunoResearch Laboratories (West Grove, PA); LY294002, an 
inhibitor of PI 3-kinase, was obtained from Calbiochem (San Diego, CA); 
restriction enzymes and QuikChange Site-Directed mutagenesis kit 
were purchased from Stratagene; Centri-Sep columns were obtained 
from Princeton Separations (Adelphia, NJ); plasmid purification kits 
were obtained from Qiagen (Valencia, CA); and DNA sequencing kits 
were purchased from PE Applied Biosystems (Foster City, CA). 

Cell cultivation 

H4IIE rat hepatoma cells (48) were grown as monolayer cultures in 
low glucose DMEM supplemented with 10% fetal bovine serum and 
were incubated in a humidified 95% air/5% C0 2 atmosphere at 37 C. 
Cultures were passaged weekly (when they reached confluence) at a 
ratio of 1:20 using trypsin-EDTA. Fresh stocks were thawed after 8-10 
passages. 

Construction of L37 5 A- Foxol expression vector 

Full-length wild-type Foxol was excised from pCMVS-Foxol using 
Xbal and was ligated into Xfcal-digested pBluescript vector to generate 
pBluescript-Foxol. The L375A mutation was introduced into pBlue- 
script-Foxol by overlapping PCR. The 5' fragment was generated by 
PCR using primers 490-GAC CTC ATC ACC A AG GCC ATC-510 (num- 
bered with respect to ATG = 1) and 1142-GGG GAC GAG AGA AGG 
TTG GC A TTA TCC AGA AGG TTC-1106 [in which CT has been 
mutated to GC {underlined)] and contained an internal BglU site (545- 
AGA TCT 550). The 3' fragment was generated using primer 1106-GAA 
CCT TCT GGA TAA TGC CAA CCT TCT CTC GTC CCC-1142 and 
1489-GGC CCA TCA TTA CAT ITT GGC CCA GGA C-1462 and con- 
tained an internal Agel site (1425-ACC GGT-1430). The 5' and 3' frag- 
ments were amplified by PCR using the two nonoverlapping primers. 
The resulting fragment containing the L375A mutation was digested 
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with BglU and Agel and ligated into pBluescript-Foxol that had been 
digested with BglU and Agel to generate pBluescript-L375A-Foxol. 
L375A-Foxol was excised with Xbal and ligated into the dephospho- 
rylated Xbal sites of pCMV5-c-Myc. The orientation and sequence of the 
insert containing the mutation were confirmed by DNA sequencing. 

Construction of pGL3-IRE-3x and pGL3~GC-3x 
reporter genes 

Three tandem copies of the wild-type IRE were inserted into the 
pGL3-Promoter plasmid (which contains a simian virus 40 promoter 
upstream from a luciferase reporter gene) to construct pGL3-IRE-3x. The 
sense strand of IRE-3x contained three copies of the IRE (G CA AAA 
CA A ACT TAT 111 G AA; the inverted palindrome is underlined). The 
antisense strand of IRE-3x contained three complementary copies of 
the IRE plus a BglU site (GATC) at the 5' end and a Kpnl site (GTC A) 
at the 3' end. Plasmid pGL3-GC-3x containing three copies of an inactive 
G/C-C/A mutant IRE (49, 50) was constructed similarly using oligo- 
nucleotides in which G was substituted for C and C substituted for A 
(shown in bold) in both half-sites of the inverted palindrome (GCA AAA 
GA A ACT TCT TTT GAA) . The G/C-C/A mutant IRE does not bind 
FOXOl (21). Annealed and phosphorylated IRE-3x and GC oligonucle- 
otides were ligated into the pGL3-promoter vector (digested with Kpnl 
and BglU and dephosphorylated) using a ligation kit (Takara Biomed- 
ical, Inc., Berkeley, CA). The sequences of the IRE-3x and GC-3x inserts 
were confirmed. 

Immunofluorescence 

H4IIE cells were transiently transfected with wild-type or mutant 
pCMV5-c-myc-Foxol and incubated with or without insulin, and the 
subcellular distribution of transfected Foxol was studied by fluores- 
cence microscopy as previously described (35). In brief, H4IIE cells were 
plated onto 60-mm dishes at 3-3.75 million cells/dish and incubated 
overnight in serum-supplemented medium. The cells then were trans- 
fected with the indicated plasmids using Lipofectamine and Plus 
Reagent (Invitrogen) according to the manufacturer's protocol (1 /ig 
DNA/4 /j.1 Plus Reagent/5 u.1 Lipofectamine). After 24 h the cells were 
trypsinized, and approximately 20,000 cells /well were seeded into 
8- well slide culture chambers (Nalge Nunc International, Naperville, IL). 
After overnight incubation, the medium was changed to serum-free 
medium (DMEM containing 0.1% BSA) for 24 h, after which insulin 
(1 Mg/ ml, final concentration) was added to half of the wells for 1 h. Cells 
were fixed using a solution of 2% paraformaldehyde (Electron Micro- 
scopy Sciences, Fort Washington, PA) and permeabilized in 0.5% Triton 
X-100. My c- tagged Foxol was visualized using anti-Myc monoclonal 
antibody (2 /ig/ml, final concentration) and FITC-conjugated AffiniPure 
donkey antimouse IgG (5 /xg/ml, final concentration.). Slides were ex- 
amined using Axiovert TV-100 and TV-200 fluorescence microscopes 
(Zeiss, New York, NY). Only transfected cells were fluorescent; FITC- 
stained cells were not observed when primary or secondary antibodies 
were omitted, and only a small percentage of the cells identified using 
Sytox nuclear stain were fluorescent. 

Digital images of fluorescent cells were taken using the Ultra View 
Confocal Imaging System in conjunction with a Zeiss Axiovert TV-100 
microscope. Single cells were analyzed using Open Lab Image Analysis 
Software (Imp ro vision, Inc., Lexington, MA). Cytoplasmic to nuclear 
ratios were calculated using the HIS colorspy feature of Open Lab. Pixel 
intensities were determined at 10 points in the nucleus, 10 points in the 
cytoplasm, and 10 background points for 5-7 cells in each condition, 
averaged, and analyzed statistically. In addition, z-axis sections (7- to 
10-/un slices, — 10-15 slices/cell) of a representative cell for each con- 
dition also were analyzed. Cell and nuclear boundaries were estimated, 
and the mean intensities were determined in the nuclear and cytoplas- 
mic areas of each section and summed. In addition, the nuclear /cyto- 
plasmic ratio was determined by volume rendering using the Open Lab 
software. 

Transient transfection and luciferase assay 

H4IIE cells were transfected as described previously (51). The day 
before transfection, cells (3-3.75 million/dish) were plated onto 60-mm 
tissue culture dishes in 3 ml DMEM containing 10% serum and were 
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typically 70-100% confluent at the time of transfection. Diethylamin- 
oethyl dextran stock solution (2 mg/ml in 0.15 m NaCl; Amersham 
Pharmacia Biotech, Piscataway, NJ) was diluted with an equal volume 
of Tris-buffered saline [25 mM Tris (pH 7.5), 137 mM NaCl, 5 mM KC1, 
0.7 mM CaCl 2 , 0.5 mM MgCl 2 , and 0.6 mM Na 2 HPOJ. Plasmid DNA (~5 
jLtg diluted in 100 pi Tris-buffered saline) was mixed with 100 jil dieth- 
ylaminoethyl dextran-Tris-buffered saline and incubated at room tem- 
perature. [Typically, 3 /itg pCMV5 expression vector, 2 /xg luciferase 
reporter, and 40 ng pRSV j3-galactosidase (33) were used.] After 15 min, 
190 fi\ of the mixture were added to each dish. Fifteen minutes later, 3 
ml DMEM containing 10% serum were added, and the incubation was 
continued overnight. After medium change and a second overnight 
incubation, the medium was replaced with serum-free DMEM contain- 
ing 0.1% BSA with or without recombinant human insulin (0.25 /i.g/ml). 
After 24 h the cells were washed twice with ice-cold PBS and harvested 
for luciferase assay. After the addition of 360 jml lysis buffer [100 mM 
potassium phosphate (pH 7.8) and 0.2% Triton X-100], cells were scraped 
and centrifuged (4 C, 14,000 rpm, 5 min). Supernatant from each sample 
was transferred to a fresh tube. Luciferase activities of the supernatants 
were measured using a Lumat LB 9507 luminometer (EG&G Berthold, 
Bad Wildbad, Germany) with a Dual Light chemiluminescent reporter 
gene assay kit (Tropix, PE Applied Biosystems, Bedford, MA) as spec- 
ified by the manufacturer. Assays were performed in duplicate. 



Results 

L375A-Foxol is retained in the nucleus after 
insulin treatment 

The effect of insulin treatment on the subcellular localiza- 
tion of wild-type and L375A-Foxol transfected into H4IIE 
cells was examined by fluorescence microscopy. In the ab- 
sence of insulin, wild-type and L375A-Foxol were localized 
predominantly in the nucleus in all fluorescent cells (Fig. 1). 
After incubation with insulin, wild-type Foxol redistributed 
to the cytoplasm, whereas L375A-Foxol remained predom- 
inantly in the nucleus. The cells depicted in the upper panel 
of Fig. 1 are representative of more than 70 cells examined in 
each condition (tabulated in Fig. 1, lower panel) and show the 
same predominant localization of wild-type and mutant 
Foxol to the nucleus or cytoplasm. 

The relative amounts of nuclear and cytoplasmic Foxol in 
individual cells transfected with wild-type or mutant Foxol 
and incubated with or without insulin were determined by 
quantifying the levels of nuclear and cytoplasmic fluores- 
cence in whole cells (Fig. 2) and confirmed in sections of 
digital images of representative cells (Fig. 3). The ratios of 
average pixel intensities (cytoplasm /nucleus) in whole cells 
in the absence of insulin were 0.27 for wild-type Foxol and 
0.31 for L375A-Foxol (Fig. 2). After incubation with insulin, 
wild-type Foxol was preferentially localized to the cyto- 
plasm (cytoplasm/nucleus = 5.3), whereas L375A-Foxol re- 
mained predominantly in the nucleus (cytoplasm /nucleus - 
0.19; Fig. 2). 

To exclude the possibility that some of the observed nu- 
clear fluorescence might have arisen from overlying or un- 
derlying cytoplasm, we also analyzed z-sections of digital 
images of representative cells (Fig. 3). Analysis of cell sec- 
tions confirmed that the redistribution of wild-type Foxol to 
the cytoplasm after insulin treatment was much greater than 
that observed for L375A-Foxol. In the absence of insulin, 
greater than 80% of total Foxol fluorescence was present in 
the nucleus with either the wild-type or mutant construct. 
After insulin treatment, nuclear fluorescence of wild-type 
Foxol decreased by 55%, whereas a much smaller decrease 
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Fig. 1. Fluorescence microscopy of representative cells transfected 
with wild-type or L375A-Foxol and incubated with insulin. Top panel , 
Cells were transfected with wild- type (WT) or L375A-Foxol, incu- 
bated with or without insulin for 1 h, fixed, and incubated with mouse 
monoclonal antibodies to the c-Myc epitope and fluorescein-labeled 
second antibody. Photographs of representative cells are shown. Bot- 
tom panel, The number of fluorescently labeled cells that were more 
intensely labeled in the nucleus or cytoplasm was determined. The 
ratio of the total number of cells with predominantly nuclear labeling 
to the total number of cells with predominantly cytoplasmic labeling 
from three experiments is shown. 



in nuclear fluorescence (14%) was observed with L375A- 
Foxol. Although the extent of redistribution of wild-type 
Foxol from nucleus to cytoplasm determined by optical sec- 
tioning was less complete than that indicated by analysis of 
whole cells, nuclear export was decreased by 75% in the 
L375A-Foxol mutant compared with that in wild-type 
Foxol. Together these results indicate that insulin treatment 
of H4IIE cells causes a major redistribution of wild-type 
Foxol from nucleus to cytoplasm that is not seen with the 
L375A-Foxol NES mutant, which is predominantly retained 
in the nucleus after insulin treatment. 

Insulin inhibits transcription stimulated by L375A-Foxol 

The ability of insulin to inhibit transcription stimulated by 
wild-type or L375A-Foxol was examined by transient trans- 
fection of H4IIE rat hepatoma cells. A luciferase reporter 
(pGL3-IRE-3x) that contains three tandem copies of the IRE 
upstream from a minimal simian virus 40 promoter was used 
(Fig. 4). Reporter plasmids lacking an IRE insert (pGL3 
empty vector) or containing a mutant IRE that could not bind 
Foxol (pGL3-GC-3x) (21, 49, 50)) were used as negative con- 
trols. Stimulation of transcription was dependent on both 
Foxol and the IRE (Fig. 4, left panel). In the absence of insulin, 
wild-type and L375A-Foxol stimulated pGL3-IRE-3x pro- 
moter activity approximately 25-fold relative to pCMV5 
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No Insulin 



Insulin 



Fig. 2. The effect of insulin treatment on cyto- 
plasmic to nuclear ratios of c-Myc-Foxol immu- 
nofluorescence in H4IIE rat hepatoma cells 
transfected with wild-type or L375A-Foxol. 
Cells were transfected with wild-type Foxol 
{upper panels) or L375A-Foxol {lower panels), 
and treated {right panels) or not treated {left 
panels) with insulin as described in Materials 
and Methods. The mean ± sd of fluorescence 
intensity in five to seven cells examined for each 
condition is plotted. 
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Fig. 3. Quantification of the effect of insulin on the subcellular dis- 
tribution of wild-type (WT) and L375A-Foxol in sections of individual 
cells. Z-Sections of digital confocal images of representative fluores- 
cent cells transfected with WT or L375A-Foxol were analyzed using 
the Open Lab program. The mean fluorescence intensity in the nu- 
cleus and cytoplasm was determined in each of the sections and 
summed. The percentage of total fluorescence in the nucleus is plotted 
in the absence of insulin (■) and after insulin treatment (U). Relative 
nuclear and cytoplasmic volumes (47%:53%) were estimated from the 
mean intensity values after incubation with insulin. The cytoplasmic 
signal in the absence of insulin was too low to allow accurate estimates 
of cytoplasmic volume. 

empty vector; no significant stimulation was seen with 
pGL3-GC-3x. 

Insulin inhibited transcription stimulated by L375A-Foxol 
or wild-type Foxol to the same extent (Fig. 4, right panel). In 
cells transfected with L375A-Foxol, luciferase activity in the 
presence of insulin was 31 ± 6% (mean ± se; n - 6) of that 
in cells not treated with insulin compared with 32 ± 5% 
(mean ± se; n = 5) for wild-type Foxol. Thus, insulin in- 



hibited L3 75 A-Foxol -stimulated transcription in pGL3- 
IRE-3x to the same extent as transcription stimulated by 
wild-type Foxol, even though L375A-Foxol remained pre- 
dominantly in the nucleus after insulin treatment. 

Similar results were obtained using a luciferase reporter 
containing the native rat IGFBP-1 promoter, p925-GL3. In the 
absence of insulin, wild-type and L375A-Foxol stimulated 
transcription of the p925-GL3 luciferase reporter containing 
the rIGFBP-1 promoter by 5-fold (Fig. 5). Insulin treatment 
decreased transcription stimulated by wild-type and L375A- 
Foxol to about 35% of that in cells transfected with the same 
plasmids that did not receive insulin. Insulin also inhibited 
promoter activity in cells transfected with the pCMV5 empty 
vector. Inhibition of basal transcription has been observed 
previously and attributed to insulin inhibition of endoge- 
nous Foxo proteins (33, 52-54). Consistent with this inter- 
pretation, H4IIE cells synthesize Foxo3 (53, 55) and Foxol (33, 
56), and insulin stimulates the phosphorylation of endoge- 
nous Foxo3 at two PKB/Akt sites, Thr 32 and Ser 253 (53). 

PI 3 -kinase mediates insulin inhibition of L375A-Foxol- 
stimulated transcription 

Insulin inhibition of Foxol -stimulated transcription is me- 
diated by PI 3-kinase (32). Inhibition of PI 3-kinase activity 
with LY294002 abolished insulin inhibition of IGFBP-1 tran- 
scription stimulated by either wild-type or L375A-Foxol 
(Fig. 6). With wild-type Foxol, abrogation of insulin inhibi- 
tion of transcription by LY294002 could be secondary to 
blocking insulin-induced nuclear exclusion of Foxol (24, 34, 
35) or be a direct effect on transcription. Our results indicate 
that LY294002 also can block the direct effects of insulin on 
transcription, because it abolishes insulin inhibition of 
L375A-Foxol -stimulated transcription when nuclear export 
does not occur. 
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Fig. 4, Stimulation of pGL3-IRE-3x transcription by wild-type and 
L375A-Foxol is IRE dependent and inhibited by insulin. Left panel, 
No insulin. Cells were cotransfected with pCMVS empty vector, wild- 
type (WT) Foxol or L375A-Foxol, and pGL3-IRE-3x, pGL3-GC-3x, or 
pGL3 empty vector luciferase reporter plasmids. Fold stimulation 
of luciferase activity normalized to pGL3 empty vector is plotted 
for pGL3-GC-3x (O) and pGL3-IRE-3x (■; mean ± SE; n = 4). Right 
panel. Effect of insulin. Luciferase activity also was determined in the 
same experiments after insulin treatment. The ratio of luciferase 
activity in the presence and absence of insulin [(+Insulin)/(- Insu- 
lin) x 100] using the pGL3-IRE-3x reporter for WT or L375A-Foxol 
is expressed relative to the pCMV5 empty vector in the same exper- 
iment. The mean ± se (n = 6) are plotted. Identical results were 
obtained when the relative luciferase activity (+ Insulin/- Insulin) 
using pGL3-IRE-3x was normalized to the activity observed using 
pGL3 empty vector or pGL3-GC-3x (results not shown). [With the 
pCMVS empty vector, luciferase activity in the presence of insulin was 
174 ± 20% (±SE; n = 6) of that in the absence of insulin. Similar 
stimulation was seen with pGL3 empty vector and pGL3-GC-3x, in- 
dicating that this is a property of the expression vector-reporter sys- 
tem and not of IRE- and Foxol -dependent transcription.] 
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Fig. 5. Insulin inhibits IGFBP-1 promoter activity stimulated by 
wild-type and mutant Foxol. H4IIE cells were cotransfected with 
pCMVS empty vector, pCMVS-Foxol [wild-type (WT)] or pCMV5- 
L375A-Foxol, and the p925-GL3 luciferase reporter. The cells were 
incubated with or without insulin, and luciferase activity was deter- 
mined. Relative luciferase activity (mean ± SE from 8-10 experi- 
ments) in the absence (d) and presence (■) of insulin is plotted. The 
activity with pCMV5 empty vector in the absence of insulin is taken 
as 100. 

Discussion 

It has been widely accepted that phosphorylation of the 
three consensus PKB/Akt sites in Foxol and other FOXO 
proteins after incubation with insulin or other cytokines in- 
hibits FOXO-stimulated transcription of target genes by in- 
ducing the export of FOXO proteins from the nucleus (24). 
In the present study we demonstrate that insulin can inhibit 
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Fig. 6. Insulin inhibition of IGFBP-1 promoter activity stimulated by 
wild-type (WT) and mutant Foxol requires PI 3-kinase. H4IIE cells 
were cotransfected with pCMV5, pCMVS-Foxol (WT), or pCMV5- 
L375A-Foxol expression vectors and the p925-GL3 luciferase re- 
porter. Cells were preincubated for 30 min with (■) or without (d) 50 
fiM LY294002, after which half of the cells in each group were treated 
with insulin. Relative luciferase activity [(+Insulin)/(- Insulin) X 
100; mean ± se] in the absence and presence of LY294002 in three to 
five experiments] is plotted. [In the absence of insulin, luciferase 
activity in the presence of LY294002 compared with its absence was 
141 ± 31% (±se; n = 3) for pCMV5 empty vector and 44 ± 8% (n = 
8) for WT and L375A-FoxolJ 

Foxol-stimulated transcription even when export of Foxol 
from the nucleus is prevented by mutation, providing direct 
evidence that inhibition can occur in intact cells by mecha- 
nisms unrelated to subcellular redistribution of the tran- 
scription factor. 

The C-terminal f rans-activation domain of Foxol contains 
a leucine-rich NES (39, 47, 57). 2 Previous studies had shown 
that leptomycin B, which inhibits binding of the nuclear 
export transporter Crml to the NES (43-46), blocks the ex- 
port of FOXO proteins from the nucleus (39-41). The effect 
of leptomycin B on the ability of insulin to inhibit FOXO- 
stimulated transcription was examined in only one of these 
studies, however, and the results were inconclusive. Lepto- 
mycin B decreased insulin inhibition of FOX04-stimulated 
transcription in A14 mouse fibroblasts by only 60%, sug- 
gesting that both export-dependent and export-independent 
mechanisms contributed to inhibition (40). 

Because of these uncertainties, we decided to evaluate 
whether insulin could inhibit IGFBP-1 transcription in H4IIE 
cells when Crml -mediated nuclear export of Foxol was 
blocked by mutating Leu 375 to alanine in the NES (Fig. 5). 
Biggs et al (39) had shown that the Leu 375 Ala mutation abol- 
ished nuclear export of an N-terminal Foxol fragment (1- 
380) in CV1 cells. This truncated construct lacks the C- 
terminal fnms-activation domain (20, 58, 59), however, so 



2 FOX04 contains a single NES (300-LELLDGLNL-308) (40) in a sim- 
ilar location to the Foxol NES (368-MENLLDNLNL-377) (39), whereas 
FOX03a has two adjacent NES in this location (369-LTDMAGTMNL-378 
and 386-LMDDLLDNTTL-396 (41). Mutation of both NES sites abolished 
the export of FOX03a from the nucleus, but the individual contributions 
of the two sites was not exarnined (41). Zhao et al. (Program of the 85th 
Annual Meeting of The Endocrine Society, Philadelphia, PA, June 19-22, 
Abstract Pl-369) identified additional Crml -independent and Crml- 
dependent NES sites in N-terminal fragments of FOXOl coupled to GFP, 
but the importance of these sites for export of full-length FOXOl is 
unknown. 
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that its effect on transcription could not be studied. We 
introduced the Leu 375 Ala mutation into full-length Foxol. In 
contrast to the dramatic redistribution of wild-type Foxol to 
the cytoplasm after incubation with insulin, L375A-Foxol 
remained predominantly in the nucleus of transfected H4IIE 
cells. This result was quantified by determining the relative 
intensities of wild-type and mutant Foxol in the nucleus and 
cytoplasm of digital images of representative cells and cell 
sections. As the nuclear and cytoplasmic volumes of H4IIE 
cells are comparable, the ratio of nuclear/ cytoplasmic fluo- 
rescence intensities reflects the relative abundance of Foxol 
in the nucleus. Although the decrease in wild-type Foxol in 
the nucleus after insulin treatment would be sufficient to 
account for the approximately 65% decrease in Foxol-stim- 
ulated transcription, the minimal decrease in nuclear L375 A- 
Foxol after incubation with insulin is too low to account for 
the decreased transcription. 

The ability of insulin to inhibit transcription stimulated by 
L375A-Foxol was examined in reporter constructs in which 
luciferase was fused to two different insulin-sensitive pro- 
moters: a 925-nucleotide rat IGFBP-1 promoter (7) and a 
minimal promoter containing three copies of the IRE. L375 A- 
Foxol stimulated transcription from both promoters in the 
absence of insulin. With both reporters, insulin inhibited 
transcription stimulated by wild-type Foxol and L375A- 
Foxol to the same extent. These results directly demonstrate 
that insulin is able to inhibit Foxol -stimulated transcription 
when nuclear export of the transcription factor is prevented 
and indicate that insulin can inhibit transcription by other 
mechanisms in addition to inducing the subcellular redis- 
tribution of Foxol. We propose that direct regulation of tran- 
scription also might contribute to the regulation of FOXO- 
induced transcription by other growth factors [IGF-I (24), 
epidermal growth factor (36), nerve growth factor (60), and 
platelet-derived growth factor (61)] and cytokines [TGF/3 
(62), erythropoietin (37, 63, 64), thrombopoietin (65), IL-3 
(38), and IL-2 (66)] that have been reported to activate PKB/ 
Akt and phosphorylate FOXO proteins. Insulin inhibition of 
1375 A-Foxol -stimulated transcription was abolished when 
PI 3-kinase was inhibited, indicating that direct transcription 
regulation as well as nuclear export are dependent on PI 
3-kinase. Insulin-induced phosphorylation of the PKB /Akt 
phosphorylation sites, Thr^ 4 and Ser 253 , in L375A-Foxol (re- 
sults not shown) is consistent with the possibility that PKB/ 
Akt mediates PI 3-kinase-dependent regulation of Foxol - 
stimulated transcription. 

Parallel studies also were performed with a second mu- 
tant, Thr 24 Ala-Foxol, which had been shown in several stud- 
ies to be localized to the nucleus (34, 35, 39), but the results 
were inconclusive. Although T24A-Foxol localized predom- 
inantly to the nucleus in most H4IIE cells after insulin treat- 
ment, nuclear retention was less complete than with L375 A- 
Foxol in individual sectioned cells (results not shown). 
Scheimann et al. (67) also observed intermediate levels of 
nuclear retention in HepG2 cells, but the Thr 24 Ala mutation 
did not affect the export of green fluorescent protein (GFP)- 
FOXOl to the cytoplasm in HEK293 cells (55). Insulin in- 
hibited IGFBP-1 promoter activity stimulated by wild-type 
and T24A-Foxol to the same extent, but insulin inhibition of 
IRE-3x-promoter activity stimulated by T24A-Foxol was de- 
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creased by 50% (results not shown). Scheimann et al. (67) saw 
a similar intermediate reduction of insulin inhibition of 
T24A-FOX01 -stimulated transcription in HepG2 cells, but 
Guo et al. (32) observed no decrease in insulin inhibition. 
Thus, our findings with T24A-Foxol are consistent with 
those obtained with L375A-Foxol, but are more difficult to 
interpret in light of the partial inhibition of redistribution 
observed with the Thr 24 Ala mutation. 

During the preparation of our manuscript, Zhang et al (42) 
reported results consistent with our conclusion that inhibi- 
tion of FOXO-stimulated transcription by insulin does not 
depend solely on nuclear exclusion. They mutated Ser 256 , the 
PKB/ Akt site at the C-terminal end of the Fox box in FOXOl, 
to aspartate. Both FOXOl T24A/S319A and FOXOl T24A/ 
S256D/S319A localized to the nucleus of HEK-293 cells in 
serum-free medium, whereas wild- type FOXOl -GFP was 
predominantly cytoplasmic. Basal transcription in the ab- 
sence of insulin was increased by FOXOl T24A/S319A, but 
not by FOXOl T24A/S256D/S319A, suggesting that intro- 
duction of the S256D mutation into FOXOl T24A/S319A to 
mimic insulin-induced phosphorylation of the PKB/ Akt site 
decreased basal FOXOl -stimulated transcription without af- 
fecting nuclear export. 

The mechanism by which insulin inhibits FOXO-stimu- 
lated transcription in the absence of nuclear export could 
involve inhibition of DNA binding to the promoter or reg- 
ulation of Jnzns-activation. Two studies have reported inhi- 
bition of FOXO binding to the IRE under conditions mim- 
icking insulin stimulation in in vitro gel shift assays. Cahill et 
al (68) showed that dimers of the phosphoserine-phospho- 
threonine-specific binding protein 14-3-3 (69, 70) bound to 
Dafl6 when the PKB/ Akt sites equivalent to T24 and S316 of 
Foxol were phosphorylated and prevented the transcription 
factor from binding to the IRE. Zhang et al (42) reported that 
substituting aspartate for Ser 256 at the C-terminal end of the 
Fox box decreased binding of FOXOl to the IRE by 50%. 
Insulin-stimulated phosphorylation of Thr 24 and Ser 253 in 
L375A-Foxol could decrease binding to the IRE by either of 
these mechanisms. 

Insulin also can regulate Foxol -stimulated frans-activation 
(33). This was demonstrated in constructs in which the C- 
terminal rrans-activation domain of Foxol was fused to a 
heterologous Gal4 DNA-binding domain (71). Insulin inhib- 
ited Gal4 promoter activity stimulated by the fusion protein 
without significantly affecting the nucleocytoplasmic distri- 
bution of the fusion constructs (71). IRE-dependent FOXO- 
stimulated transcription also may be regulated by coactiva- 
tors that bind to FOXO proteins: CBP/p300 (52), estrogen 
receptor a (59, 72), androgen receptor (72), Hoxa5 (73), and 
HoxalO (74). Whether any of these coactivator interactions 
are involved in the inhibition of FOXO-stimulated transcrip- 
tion by insulin is presently unknown. 

Multiple mechanisms of regulating transcription such as 
we have observed for Foxol have been described for the 
yeast transcription factor, Pho4. Phosphorylation of multiple 
sites that determine nuclear export, nuclear import, and tran- 
scription activity contributes to the regulation of Pho4-stim- 
ulated transcription and allows adaptation to low and high 
phosphate environments (75, 76). Under low phosphate con- 
ditions, unphosphorylated Pho4 is imported into the nu- 
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cleus, and its export from the nucleus is inhibited. Nuclear 
Pho4 binds to Pho2 and stimulates the transcription of genes 
that help overcome phosphate deprivation. Under high 
phosphate conditions, Pho4 becomes phosphorylated at two 
sites that promote nuclear export and a third site that pre- 
vents nuclear import. Although Pho4 was retained in the 
nucleus after mutation of these three sites, mutation of a 
fourth phosphorylation site was required before Pho4 could 
form complexes with Pho2 to activate transcription. Given 
the number of vital cell functions in which genes whose 
transcription is regulated by FOXO proteins are involved 
(reviewed in Ref. 27), the ability to directly regulate tran- 
scription as well as the nuclear abundance of FOXO proteins 
makes it possible to achieve tighter control of FOXO-regu- 
lated gene expression. 
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In Caenorhabditis elegans, an insulin-like signaling 
pathway to phosphatidylinositol 3-kinase (PI 3-kinase) 
and AKT negatively regulates the activity of DAF-16, a 
Forkhead transcription factor. We show that in mamma- 
lian cells, C. elegans DAF-16 is a direct target of AKT and 
that AKT phosphorylation generates 14-3-3 binding sites 
and regulates the nuclear/cytoplasmic distribution of 
DAF-16 as previously shown for its mammalian ho- 
mologs FKHR and FKHRL1. In vitro, interaction of AKT- 
phosphorylated DAF-16 with 14-3-3 prevents DAF-16 
binding to its target site in the insulin-like growth factor 
binding protein- 1 gene, the insulin response element. In 
HepG2 cells, insulin signaling to PI 3-kinase/AKT inhib- 
its the ability of a GAL4 DNA binding domain/DAF-16 
fusion protein to activate transcription via the insulin- 
like growth factor binding pro tein-1 -insulin response 
element, but not the GAL4 DNA binding site, which sug- 
gests that insulin inhibits the interaction of DAF-16 with 
its cognate DNA site. Elimination of the DAF-16/1433 
association by mutation of the AKT/1 4-3-3 sites in DAF- 
16, prevents 14-3-3 inhibition of DAF-16 DNA binding 
and insulin inhibition of DAF-16 function. Similarly, in- 
hibition of the DAF-16/14-3-3 association by exposure of 
cells to the PI 3-kinase inhibitor LY294002, enhances 
DAF-16 DNA binding and transcription activity. Sur- 
prisingly constitutively nuclear DAF-16 mutants that 
lack AKT/14-3-3 binding sites also show enhanced DNA 
binding and transcription activity in response to 
LY294002, pointing to a 14-3-3-independent mode of reg- 
ulation. Thus, our results demonstrate at least two 
mechanisms, one 14-3-3-dependent and the other 14-3-3- 
independent, whereby PI 3-kinase signaling regulates 
DAF-16 DNA binding and transcription function. 



In Caenorhabditis elegans, genetic evidence indicates that an 
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insulin-like signaling pathway, which includes an insulin/IGF- 
lMike receptor (DAF-2), phosphatidylinositol 3-kinase (PI 
3-kinase; AGE-1), and protein kinase B (also known as AKT) 
controls life cycle, metabolism, and longevity (1-5). This path- 
way negatively regulates the activity of DAF-16, a member of 
the Forkhead (FKH) family of transcription factors (3, 6-8). 

In mammalian cells, insulin/IGF- 1 signaling via PI 3-kinase 
and AKT mediates diverse effects on cell metabolism, growth, 
and survival (9-11). Biochemical studies to date suggest that 
PI 3-kinase is important to the metabolic actions of insulin 
including its effects on gene transcription. A common DNA 
sequence, referred to as the insulin response element (IRE), 
binds members of the Forkhead transcription factor family and 
mediates the negative effect of insulin on transcription of the 
insulin-like growth factor binding protein- 1 (IGFBP-1) and 
phosphoenolpyruvate carboxykinase (PEPCK) genes (12). In 
hepatoma cells, insulin- inhibition of IRE-directed gene tran- 
scription is mediated via a PI 3-kinase-dependent signaling 
pathway (13). Accordingly, work in several laboratories aimed 
at identifying the downstream targets of insulin signaling to 
the nucleus has focused on the role of mammalian homologues 
of DAF-16, FKHR, FKHRL1, and AFX in mediating the nega- 
tive effect of insulin/IGF- 1 signaling on gene transcription. In 
the absence of insulin/IGF- 1, FKHRL1 (14), AFX (15), and 
FKHR (16-18) activate gene transcription via the IGFBP-IRE. 
Insulin/IGF- 1 signaling (19-21) or overexpression of AKT (17, 
19) stimulates phosphorylation of these factors and inhibits 
their activating effect (16, 17). 

The prevailing view of the mechanism underlying insulin/ 
IGF-1 inhibition of FKHRL1 and other DAF-16 homologs is 
that phosphorylation of FKHRL1 by AKT at two sites, Thr-32 
and Ser-253 promotes retention of these proteins in the cyto- 
plasm (14). AKT preferentially phosphorylates substrates that 
carry the RXRXXS, which is contained within certain consen- 
sus 14-3-3 binding motifs RSXS P XP, or EXXXS P XP where S p 
represents phosphoserine (22). Hence, AKT phosphorylation of 
its target proteins may create 14-3-3 binding sites. For exam- 
ple, the AKT site at T32 in FKHRL1 is a 14-3-3 consensus 
binding sequence; AKT phosphorylation of FKHRL1 at sites 
Thr-32 and Ser-253 promotes interaction of FKHRL1 with 14- 
3-3 and cytoplasmic retention of FKHRL1 (14). The 14-3-3 



1 The abbreviations used are: IGF, insulin-like growth factor; FKH, 
forkhead, PKB, protein kinase B; PI 3-kinase, phosphatidylinositol 3 
kinase; IGFBP-1, insulin-like growth factor binding protein- 1; IRE, 
insulin response element; PEPCK, phosphoenolpyruvate carboxyki- 
nase; GST, glutathione 5-transferase; PAGE, polyacryl amide gel elec- 
trophoresis; WT, wild-type. 
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family of proteins has also been shown to play a role in nuclear 
export and/or cytoplasmic retention of the yeast protein Cdc25 
(23-25). In addition to promoting changes in cellular localiza- 
tion, binding of 14-3-3 to certain of its target proteins directly 
affects their activity. For example, 14-3-3 can stimulate the 
catalytic activity of the serine/threonine kinase c-Raf-1 (26, 27), 
the DNA binding activity of p53 (28), and other targets (29-31). 

The Thr-32 and Ser-253 sites are conserved within DAF-16 
(Thr-54 and Ser-240/Thr-242), FKHRL1 (Thr-32, Ser-253) (14), 
FKHR (Thr-24, Ser-253) (32), and AFX (Thr-28, Ser-258) (15). 
Accordingly, regulation of nuclear export by growth factor sig- 
naling to PI 3-kinase and AKT has been demonstrated for 
FKHR1 (32), FKHR (33), and AFX (34). We questioned whether 
the Thr-54 site in DAF-16 would function as a 14-3-3 binding 
site and, if so, whether PI 3-kinase signaling would regulate 
the interaction of C. elegans DAF-16 with elements of the 
mammalian nuclear import/export machinery as is the case for 
the mammalian homologs of DAF-16. 

We therefore examined the effect of AKT phosphorylation 
and 14-3-3 association on several aspects of DAF-16 function, 
including its ability to localize to the nucleus, bind DNA and 
activate transcription. We find evidence for PI 3-kinase-de- 
pendent inhibition of DAF-16 DNA binding activity via 14-3-3- 
dependent and 14-3-3-independent mechanisms. Thus, our ob- 
servations suggest a more complex mode of DAF-16 regulation 
than previously anticipated. 

EXPERIMENTAL PROCEDURES 

Plasmids and Reagents — The DAF-16al HindlWNhel insert from 
pGEM-FLAG-DAF-16al was ligated into the HindlWXbal site of 
pcDNA3 (+) (Invitrogen) to generate pcDNA3-Flag DAF-16aL The 
DAF-16al BstYl insert from pGEM-FLAG-DAF-16al was ligated into 
the Bam HI site of pGEX-4T-l (Amersham Pharmacia Biotech) to gen- 
erate pGEX-DAF-16al. Phosphorylation site mutants were prepared 
using the QuickChange site-directed mutagenesis kit (Stratagene). The 
DAF-16al BstYl insert from pGEM-FLAG-DAF-16al was ligated into 
the BamHl site of the GAL4 DNA binding domain plasmid to generate 
GAL4-DAF-16 derivatives. The rat IGF-BP-1 promoter (nucleotides 
-921 to +79) cloned in PGL3-LUC was a gift from M. Rechler (National 
Institutes of Health, Bethesda, MD). Preparation of pMT2-Myc-14-3-3, 
pGEX-GST-14-3-3, and the pGEX-GST-14-3-3 dimerization mutant has 
been described previously (26, 27). The pEBG-GST-AKT plasmid was a 
gift from J. R. Woodgett (Toronto, Canada). Specific DAF-16 antibodies 
were produced in rabbits using the Forkhead DNA binding domain of 
DAF-16 cloned into GST as the antigen. The competitor 14-3-3 binding 
phosphopeptide LPKINRSA(Sp)EPSLHR (PP, corresponding to c-Raf-1 
amino acids 613-627) and the unphosphorylated version (P) were syn- 
thesized by QCB (Boston, MA). Anti-phosphopeptide specific antibodies 
against 14-3-3 binding consensus were a gift from M. Comb (New 
England Biolabs, Beverly, MA). 

Kinase Assay — For experiments to phosphorylate DAF-16 in vitro, 
GST-DAF-16 proteins were purified from bacteria and GST-AKT was 
expressed in 293 cells and subsequently affinity- purified on GSH beads 
(Amersham Pharmacia Biotech). Kinase assays were performed using 2 
fig of GST-AKT as the kinase and 2 ug of GST-DAF-16 or DAF-16 
mutant as the substrate in a kinase buffer containing 40 mM Tris-HCl, 
pH 7.5, 0.1 mM EDTA, 5 mM MgCl 2 , 2 mM dithiothreitol, and 100 /iM 
ATP (cold assay) supplemented with [y- 32 P]ATP (10-20 /iCi/reaction) 
(hot assay) at 30 °C for 40 min. 

Protein Interaction Assays — Myc epitope- tagged 14-3-3 expressed in 
293 cells was absorbed to anti-Myc epitope antibodies (clone 9E10) 
pre-coupled to protein- A beads and incubated with 2 fig of AKT- phos- 
phorylated wild-type and mutant GST-DAF-16 for 90 min at 4 °C. 
Following extensive washes, the associated proteins were separated on 
SDS-PAGE and phosphorylated DAF-16 was detected by autoradiogra- 
phy. Both wild-type and mutant GST-DAF-16 variants were detected by 
anti-GST immunoblotting. 

Electrophoretic Mobility Shift Assay — Samples containing 2 fig of 
GST-DAF -16 or 5-10 fig of nuclear extracts, treated as indicated in the 
figure legends were incubated with 50,000 cpm of 32 P-labeled IGFBP- 
IRE probe (caaaacaaacttattttgaa) or G-C/A-C mutant probe (caaaa- 
gaaacttcttttgaa) for 15 min at 4 °C in a buffer containing 40 mM Tris- 
HCl, pH 7.5, 5 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, 50 mM 



KC1, 10% glycerol, 0.1% bovine serum albumin, and 1 fig of poly(dG/dC) 
in each sample. For competition assays, 10 X cold IRE or mutant IRE 
was added prior to the addition of 32 P-labeled IRE probe. For supershift 
assays, the reaction was pre -incubated with 1 fig of either specific 
DAF-16 antibody (for detection of GST fusion proteins) or M2 antibody 
(against the Flag tag for detection of DAF-16 expressed in mammalian 
cells) for 15 min at 4 °C prior to the addition of 32 P-labeled IRE probe. 
To demonstrate inhibition of DNA binding by 14-3-3, DAF-16 (2 fig) was 
phosphorylated with GST-AKT (2 tig) for 30 min at 30 °C, followed by 
addition of 14-3-3 (2 fig). The reaction was further incubated at 4 °C for 
15 min, at which time labeled 32 P-IRE probe was added. Samples were 
resolved on 4% Tris-glycine PAGE at 100 V for 3 h. Nuclear and 
cytoplasmic extracts were prepared using the NE-PER kit (Pierce) 
according to the manufacturer's instructions. 

Transfections — For transcriptional analysis, HepG2 cells were trans- 
fected using the CaP0 4 method in 30-mm six-well plates with IGFBP- 
LUC (15 ^g) reporter plasmid and pcDNA3- DAF-16 variants (2 jig) or 
pcDNA3 control vector (2 fig) per 1.5 ml of precipitate. The RSV-/3- 
galactosidase vector (2 fig) was used to control for transfection effi- 
ciency. In the experiments described in Figs. 3 and 5, 2 fig of GAL4 DNA 
binding domain control vector or GAL4-DAF-16 fusion protein vector 
variants cotransfected with either the IGFBP-luciferase reporter gene 
or a luciferase reporter gene driven by five GAL4 DNA binding sites 
cloned upstream of the TK109 promoter. Cells were shocked for 1 min 
with 10% Me 2 S0 and the incubation continued in the absence of serum. 
Insulin was added during the last 16 h of the incubation. 

For the DAF- 16/14-3-3 association experiments, 293 cells were trans- 
fected using LipofectAMINE (Life Technologies, Inc.) in 10-cm plates 
with 2 fig each of GST- 14-3-3 or GST-AKT and 4 tig of pcDNA3-DAF-16 
variants. For the DAF-16 localization and DNA binding experiments, 
293 cells were transfected with 5 fig of the pcDNA3-DAF-16 variants or 
pcDNA3 alone. 

RESULTS 

AKT Phosphorylates DAF-16 and Promotes Its Association 
with 14-3-3 — Consistent with the genetic data that positions 
DAF-16 downstream of the PI 3-kinase-regulated serine/thre- 
onine kinase AKT in C. elegans, there are four consensus AKT 
phosphorylation sites in DAF-16 (Fig. LA). As has been estab- 
lished for the mammalian DAF-16 orthologs FKHR (16, 19, 32), 
FKHRL1 (14), and AFX (15, 34), AKT can phosphorylate 
DAF-16 on at least three of its four potential AKT sites, and 
these sites serve as the only AKT-phosphorylation sites in vitro 
(Fig. LB, top). Phosphospeciflc antibodies generated against 
14-3-3-binding consensus sequences can specifically recognize 
DAF-16 phosphorylated by AKT but not unphosphorylated 
DAF-16 (Fig. LB, compare lane 2 to lane 1). This antibody 
recognizes phosphorylation of DAF-16 at threonine 54 (Fig. LB, 
middle, lane 2 versus lane 3). Phosphorylation of recombinant 
prokaryotic GST-DAF-16 by AKT induces its binding to recom- 
binant mammalian 14-3-3 £ in vitro (Fig. 1C). This association 
is inhibited by a competitor phosphopeptide corresponding to a 
14-3-3 binding site on c-Raf-1 but not by the unphosphorylated 
form of the peptide (compare lane 2 with lanes 3 and 4). The 
association with 14-3-3 is also inhibited by mutation of the 
AKT-phosphorylation sites on DAF-16 (compare lane 2 with 
lanes 5, 7, and 8). In particular, the AKT-phosphorylation site 
at threonine 54, a site matching closest to the 14-3-3 binding 
consensus, represents a site whose phosphorylation is indis- 
pensable for 14-3-3 binding in vitro (compare lane 2 with 
lane 5). 

14-3-3 Association with Wild-type DAF-16 Inhibits Its DNA 
Binding Activity — Homologues of DAF-16 bind and activate 
transcription through the IRE in the IGFBP gene (14, 16). 
Accordingly we also find that DAF-16 binds specifically to the 
IRE (Fig. 2A). A DAF-16 derivative L201P, with a leucine to 
proline substitution in the forkhead DNA binding domain, does 
not bind to the 32 P-labeled IRE, nor does an ammo-terminal 
fragment (1-69) of DAF-16 that lacks the forkhead DNA bind- 
ing domain (Fig. 2, compare lane 4 to lanes 6 and 7). A specific 
antibody raised against DAF-16 supershifts the DAF-16/DNA 
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Fig. 1. AKT phosphorylates DAF-16 on four distinct sites and 
mediates 14-3-3 binding. A, linear map of DAF-16 protein showing 
the amino acid sequence of the putative AKT consensus (RXRXXS) 
phosphorylation sites at Thr-54, Ser-240, Thr-242, and Ser-314. The 
indicated mutants were constructed for expression in both mammalian 
and bacterial cells: 1A (T54A); 2A (S240A and T242A); 3A (T54A, 
S240A, and T242A); 4A (all four sites mutated to alanine). B, phospho- 
rylation of GST-DAF-16 in vitro by AKT. Recombinant prokaryotic 
GST-fused DAF-16 (lanes 1 and 2) and the indicated mutants (lanes 
3-6), 2 (xg each, were incubated in a kinase buffer containing 2 ug of 
active recombinant mammalian GST-AKT (lanes 2-6) or vehicle (lane 
1) for 40 min at 30 °C. Following SDS-PAGE, the samples were blotted 
with phosphopeptide antibodies against degenerated 14-3-3 binding 
consensus (XXXXXRSXS(p)XPXXXXX) (a gift from M. Comb). Autora- 
diogram showing GST-DAF-16 phosphorylation (top) and immunoblot 
showing reactivity with the phosphospecific antibodies (middle) and an 
anti-GST immunoblot showing equal protein loading (bottom) are pre- 
sented. C, in vitro binding of AKT phosphorylated GST-DAF-16 to 
14-3-3. Unphosphorylated GST-DAF-16 (lane 1), AKT-phosphorylated 
GST-DAF-16 (lanes 2-4 and 9), or the indicated GST-DAF-16 mutants 
(lanes 5-8) were incubated with immobilized Myc-tagged 14-3-3 (pre- 
pared using anti-Myc antibodies and protein A beads) from 293 cells 
(lanes 1-8) or control beads (lane 9) in the presence of competitor 14-3-3 
binding phosphopeptide (PP, 1 mM, lane 3) or unphosphorylated control 
peptide CP, 1 mM, lane 4) for 2 h at 4 °C. Following washes to remove 
nonspecific binding, bound proteins retained on the immobilized Myc- 
tagged 14-3-3 beads were subjected to SDS-PAGE, transferred to a 
polyvinylidene difluoride membrane, and tested for phospho-GST- 
DAF-16 by autoradiography (top). Anti-GST immunoblot (middle) was 
used for the detection of both DAF-16 WT and AKT site mutant DAF-16 
derivatives bound to the Myc- 14-3-3 column. The DAF-16 mutants 3 A 
and 4A are only partially phosphorylated or not at all and can not be 
detected by autoradiography. A Coomassie stain of the blot (bottom) is 
shown to demonstrate equal 14-3-3 input. 

complex (Fig. 2A, lane 5). We examined whether AKT phospho- 
rylation and/or subsequent association of DAP- 16 with 14-3-3 
could alter the ability of DAF-16 to bind its target IRE site. 



Phosphorylation of DAF-16 by AKT did not by itself affect 
DAF-16-DNA binding (Fig. 2B, compare lanes 1 and 3); how- 
ever, the addition of 14-3-3 to AKT-phosphorylated DAF-16 
resulted in an almost complete inhibition of DAF-16 DNA bind- 
ing activity (Fig. 2B, compare lanes 3 and 4). The addition of 
14-3-3 had no effect on DAF-16 DNA binding when AKT was 
omitted (Fig. 2B, compare lanes 2 and 4), or when ATP was 
omitted (Fig. 2C, compare lanes 7 and 3) from the kinase 
reaction. Moreover, the competitor 14-3-3 binding phosphopep- 
tide selectively blocked the ability of 14-3-3 to inhibit DAF-16 
DNA binding while the unphosphorylated version had no effect 
(Fig. 2B, compare lanes 5 and 6) demonstrating the require- 
ment of the 14-3-3-phosphopeptide binding domain for the in- 
hibition. Thus, the ability of 14-3-3 to inhibit DAF-16 DNA 
binding required the association of 14-3-3 with phospho-DAF- 
16. The DNA binding activity of DAF-16 mutants impaired in 
their ability to bind 14-3-3, DAF-16 54A (T54A), and DAF-16 
4A (T54A, S240A, T242A, S314A) was unaffected by AKT/14- 
3-3 (Fig. 2D, compare lanes 1 and 2 with lanes 4 and 5 and lanes 
7 and 8). Conversely, the DNA binding activity of the DAF-16 
2A (240/242A) mutant that retains the ability to bind 14-3-3 
was inhibited (Fig. 2Z), lanes 13 and 14). Although the DAF-16 
(S314A) mutant retains the ability to bind 14-3-3 following 
AKT phosphorylation (data not shown), 14-3-3 does not inhibit 
its ability to bind DNA (Fig. 2D, lanes 10 and 11). The inability 
of the dimerization-deficient 14-3-3 mutant to inhibit DAF-16 
DNA binding (Fig. 2C, compare lane 3 with lane 6), together 
with the ability of wild- type 14-3-3 to inhibit mutant DAF-16 
2A (S240A/T242A), but not mutant DAF-16 (T54A) or (S314A) 
DNA binding, suggests that dimeric 14-3-3 interacts with 
DAF-16 at sites Thr-54 and Ser-314. This interaction may, in 
turn, mask the forkhead DNA binding domain of DAF-16. 

Insulin Inhibition of DAF-16 Activity Is Mediated at the Level 
of DNA Binding — We have shown that AKT phosphorylation of 
DAF-16 WT allows association of 14-3-3 and that this associa- 
tion inhibits binding of DAF-16 to DNA. In HepG2 cells, insulin 
inhibits transcription activation by DAF-16 and this effect re- 
quires the AKT/14-3-3 sites in DAF-16 (21). If insulin inhibition 
of DAF-16 activity results from an interaction of DAF-16 with 
14-3-3 that inhibits DNA binding, we would not expect to see 
insulin inhibition of DAF-16 activity if the protein were teth- 
ered to the promoter by way of a heterologous DNA binding 
domain. Therefore, we compared the effect of insulin on the 
activity of a fusion protein encoding the GAL4 DNA binding 
domain and DAF-16 using the IRE DNA site in IGFBP-1 or 
GAL4 DNA (Fig. 3). 

In HepG2 cells, DAF-16 expressed in a pcDNA vector acti- 
vates transcription of the IGFBP promoter by 4-fold (Fig. 3A, 
compare bars A and D) and this effect is inhibited by insulin 
(bar E) or by overexpression of constitutively active AKT (bar 
F). The AKT site mutant DAF-16 4A is resistant to the effect of 
insulin and AKT on IGFBP gene transcription (compare bar G 
to bars H and /, respectively). Thus, in HepG2 cells, the inhib- 
itory effect of insulin and AKT on DAF-16 is dependent on its 
AKT/14-3-3 sites (16, 21). 

DAF-16 WT and DAF-16 4A mutant were expressed as fu- 
sion proteins with the GAL4 DNA binding domain (Fig. 3, 
panel B) and their response to insulin was assessed using the 
IGFBP-IRE (bars A-D) or the GAL4 DNA site (bars E-H) to 
drive transcription. The GAL4-DAF-16 fusion protein stimu- 
lated basal IGFBP gene transcription 4-fold, identical to the 
DAF-16 derivatives expressed in the pcDNA expression system 
(data not shown). As expected, when activity was assessed 
using the IGFBP-1 promoter (containing the IRE), GAL4- 
DAF-16 activity was inhibited by insulin (Fig. 3, panel B, 
compare bars A and B), while the activity of GAL4-DAF-16- 
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Fig. 2. AKT phosphorylation and subsequent 14-3-3 binding inhibit DAF- 16 DNA binding. A, DAF- 16 binds to IRE DNA. Prokaryotic 
recombinant GST-DAF-16 {lanes 1-5), GST-DAF-16 (L201P, mutation in the DNA binding domain) (lane 6\ and GST-DAF-16 (amino acids 1-69, 
lane 7), 2 fig each, were incubated with 32 P-labeled IGFBP IRE (50,000 cpm) in electrophoretic mobility shift assay binding buffer alone (lanes 1 , 
4, 6, and 7) or in the presence of 10 x cold competitor wild-type IRE (lane 2) or mutant IRE (lane 3) or in the presence of anti-DAF-16 antibody (lane 
5) and resolved on a 4% nondenaturating gel as described under "Experimental Procedures." An autoradiogram of the gel is presented. The 
positions of DAF- 16/DNA complexes and complexes super shifted with antibody are indicated. B, AKT phosphorylation of DAF- 16 and 14-3-3 
association prevents DAF- 16 binding to IRE DNA. GST-DAF-16 (2 ug) was incubated in a kinase buffer containing 2 jug of active GST- AKT (lanes 
3-6) or vehicle (lane 1 and 2) for 40 rnin at 30 °C, followed by a 30-min incubation with prokaryotic recombinant GST- 14-3-3 (lanes 2 and 4-6), 
or vehicle (lanes 1 and 3). The presence of competitor phosphopeptide (pp, 1 mM, lane 5) or unphosphorylated peptide (p, 1 mM, lane 6) is indicated. 
GST-DAF-16 was assayed for DNA binding as in panel A. C, Inhibition of DAF-16 binding to the IRE requires active AKT and an intact 14-3-3 
dimer. GST-DAF-16 (2 fig) was incubated in a kinase buffer containing 2 fig of active GST-AKT in the presence (lanes 1-6) or absence (lanes 7-10) 
of ATP, followed by a 30-min incubation with GST- 14-3-3 (lanes 2-5 and 7-9), vehicle (lane 1), or a dimerization-deficient GST- 14-3-3 (dm, lanes 
6 and 10) in the presence of competitor phosphopeptide (pp, 1 mM, lanes 4 and 8) or unphosphorylated peptide (p, 1 mM, lanes 5 and 9). The samples 
were assayed for DNA binding as in panel A. D, inhibition of DAF-16 binding to the IRE by AKT/14-3-3 requires intact AKT sites Thr-54 and 
Ser-314 on DAF-16. GST-DAF-16 (lanes 1-3), GST-DAF-16(T54A) (lanes 4-6), GST-DAF-16(4A) (lanes 7-9), GST-DAF-16(314A) (lanes 10-12), and 
GST-DAF-16(2A) (lanes 13-15), 2 fig each, were incubated in a kinase buffer containing 2 fig of active GST-AKT (lanes 2, 5, 8, 11, and 14) or vehicle 
(all others) for 40 min at 30 °C followed by 30-min incubation with prokaryotic recombinant GST- 14-3-3 (lanes 2,5,8, 11, and 14) or vehicle (all 
others). The samples were assayed for binding to mutant (lanes 3, 6, 9, 12, and 15) or wild type (all others) 32 P-IRE probes as in panel A. 



4A, which fails to bind 14-3-3, was not affected by insulin (Fig. 
3, panel B, compare bars C and D). By contrast, although the 
GAL4-DAF-16 and GAL4-DAF-16 4A fusion proteins activated 
transcription similarly when assessed on the GAL4 DNA bind- 
ing site (bars E-H), neither wild-type GAL4-DAF-16, nor 
GAL4-DAF-16-4A were inhibited by insulin (panel B, bars E 
and F and bars G and H). 

The observation that GAL4-DAF-16 responds to insulin 
when its activity is assessed using an IRE site, but not a GAL 
4 site, indicates that the response of this fusion protein is 
analogous to that of the native DAF-16 protein. If insulin's 
action to inhibit DAF-16 activity resulted from a direct effect on 
the intrinsic transcription activity of GAL4-DAF-16 or from 
nuclear export of GAL4-DAF-16, we would expect to see the 
negative effect of insulin on both the GAL4 and the IRE DNA 
binding sites. Inasmuch as we observe the inhibitory effect of 
insulin on the IRE alone, we conclude that insulin's effect is 
mediated at the level of DAF-16 DNA binding. Furthermore, 



the observation that GAL4-DAF-16 is resistant to insulin sig- 
naling when the protein is tethered to the GAL4 DNA target 
site suggests that 14-3-3 inhibition of DAF-16 DNA binding 
may be a first step in the negative regulation of DAF-16 activ- 
ity allowing subsequent changes in DAF-16 subcellular local- 
ization to occur. 

PI 3-Kinase Signaling Regulates DAF-16 1 14-3-3 Interaction 
and Consequent Subcellular Distribution — Our in vitro DNA 
binding results imply that the association of DAF-16 with 
14-3-3 plays a crucial role in the negative regulation of DAF-16 
DNA binding. As HepG2 cells do not express sufficient DAF-16 
to enable detection by DNA binding assay, we were unable to 
study direct effects of insulin on DAF-16 DNA binding in these 
cells. However, coexpression studies of GST-tagged 14-3-3 and 
Flag-tagged DAF-16 proteins in 293 cells demonstrate that 
14-3-3 and DAF-16 can associate both in serum-deprived cells 
and in cells growing exponentially in serum (Fig. 4A, compare 
lanes 2 and 4). Treatment of serum-starved cells with the PI 
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Fig. 3. Insulin inhibition of DAF-16 activity in HepG2 cells is dependent on the AKT sites and is mediated at the level of DNA 
binding. A, insulin and AKT/PKB inhibits the transcription activity of DAF-16 WT but not AKT site mutant DAF-16 4A. HepG2 cells were 
transiently cotransfected with the IGFBP-luciferase reporter gene (15 fxg) and the expression vector pcDNA3 (1 /ig/ml) (bars A-C), wild-type 
pcDNA-DAF-16 (1 /ig/ml) (bars D-F), or a mutant of DAF-16 in which an alanine residue was inserted in place of serine or threonine at the four 
putative AKT sites, DAF-16 4A (1 /ig/ml) (bars G-D, and constitutively active PKB (2 jig/ml) (bars C, F, and I). Serum-starved cells were incubated 
with insulin (1 milliunityml) (bars B, E, and H) or vehicle (bars A, C, D, F, G, and I) during the last 16 h of the incubation. Luciferase activity is 
shown corrected for 0-galactosidase gene expression. B, insulin mediates its inhibitory effects on DAF-16 at the level of DNA binding. HepG2 cells 
were transiently cotransfected with an expression vector encoding wild-type GAL4- DAF-16 (bars A, B, E, and F), or mutant GAL4DAF-16 
derivative 4A (bars C, D, G, and H) and either the IGFBP-luciferase reporter containing the IRE (bars A-D) or the GAL4-LUC reporter gene (bars 
E-H) (15 /ig) together with the RSV-/3-galactosidase reporter gene. Cells were stimulated with vehicle (bars A, C, E y and F) or with insulin (bars 
B, D, F, and H) as described in panel A. Luciferase activity was corrected for j3-galactosidase and plotted as percentage of the unstimulated control. 



3-kinase-specific inhibitor LY2 94002 caused a marked de- 
crease in 14-3-3/DAF-16 association (Fig. 4A, compare lane 2 
with 3 and lane 11 with 12). These findings suggested that PI 
3-kinase signaling to AKT and phosphorylation of DAF-16 
could regulate its association with mammalian 14-3-3 as it does 
for FKHRL1 (14). 

Accordingly, we found that the 14-3-3/DAF-16 association 
depended on the presence of the AKT-phosphorylation site at 
residue Thr-54 on DAF-16 (Fig. 4A, lanes 13-15) in vivo, as is 
the case in vitro. However, the alanine mutations at residues 
240/242, which did not prevent association of DAF-16 2A with 
14-3-3 in vitro , greatly reduced 14-3-3 association in vivo (lanes 
16-18). Mutation of site Thr-54 and sites Ser-240/Thr-242 in 
DAF 3A completely prevented DAF- 16/14-3-3 association 
(lanes 19-21). 

The ability of DAF-16 derivatives to associate with mamma- 
lian 14-3-3 correlated with the subcellular localization of DAF- 
16. In exponentially growing cells, recombinant DAF-16 was 
present both in the cytoplasm and in the nucleus (Fig. 4B, lanes 
2-4 and 15-17). Mutants of DAF-16 impaired in 14-3-3 bind- 
ing, DAF-16 T54A, 2A, and 4A were confined strictly to the 
nucleus (Fig. 4B, compare lanes 2 and 3 with lanes 5 and 6, 
lanes 8 and 9, and lanes 11 and 12). Thus, DAF-16 can interact 
with mammalian import/export proteins. 

Inhibition of PI 3-kinase signaling with LY294002 caused a 
shift of DAF-16 to the nucleus and an almost complete disap- 
pearance of DAF-16 from the cytoplasm (Fig. 4B, compare lanes 
15 and 16 with lanes 18 and 19 and lane 21 and 22). The finding 
that the C. elegans transcription factor DAF-16 can couple to 
mammalian AKT, 14-3-3, and the mammalian import/export 
machinery demonstrates it functions in an analogous manner 
to its mammalian homologs FKRH and FFQiRLl (14, 32). 

Inhibition of Endogenous PI 3-Kinase Signaling Enhances 
DAF-16 DNA Binding Activity Independent of DAF-16 AKT 
Phosphorylation Sites — Having demonstrated that inhibition 
of PI 3-kinase signaling with LY294002 leads to dissociation of 
DAF-16/14-3-3 in 293 cells, we examined the effect of 



LY294002 on DAF-16 DNA binding activity in these cells. 
Nuclear extracts were isolated from 293 cells transiently trans- 
fected with expression plasmids encoding Flag-tagged DAF-16 
(Fig. 5). The identity of DAF-16 overexpressed in HEK 293 cells 
was demonstrated by supershift experiments using antibodies 
against the Flag epitope tag on DAF-16 (Fig. 5A, compare lanes 
2 and 5). 

We detected low DAF-16 DNA binding activity in the nuclear 
extracts of 293 cells growing exponentially in serum (Fig. 55, 
lane 2); inhibition of PI 3-kinase by LY294002 markedly in- 
creased DAF-16 DNA binding activity (compare lanes 2 and 3). 
This increase was not simply a reflection of an increase in 
DAF-16 protein in the LY294002 treated nuclear extracts due 
to nuclear translocation, because extracts containing equal 
amounts of DAF-16 were employed (Fig. SB, see Western blot 
(lower panel); compare lanes 4 and 6). Thus, the increase in 
DAF-16 DNA binding activity shown reflects an increase in its 
specific DNA binding activity indicating that LY294002 can 
prevent negative regulation of DAF-16 DNA binding activity by 
a PI 3-kinase-mediated mechanism. 

We also examined the effect of PI 3-kinase inhibition on 
regulation of DAF-16 AKT site mutants that do not bind 14-3-3 
in vivo, DAF-16 2A and DAF-16 4A (Fig. 5C, upper panel). Both 
LY294002 and wortmannin increased the DNA binding activity 
of wild-type DAF-16 (Fig. 5C, upper panel, compare lane 4 to 
lanes 5 and 6). In exponentially growing cells mutants of 
DAF-16 impaired in 14-3-3 binding, DAF-16 2A, 3A, and 4A 
were confined strictly to the nucleus (Fig. 5C, lower panel, 
compare lanes 9 and 10, lanes 11 and 12, and lanes 13 and 14). 
Nevertheless, similar to DAF-16 WT (Fig. 5C, lanes 4 and 5), 
the DNA binding activity of DAF-16 2A and DAF-16 4A was 
enhanced by PI 3-kinase inhibition (Fig. 5C, upper panel, com- 
pare lanes 7 and 8 and lanes 9 and 10). 

In the insulin-responsive HepG2 cell line, serum inhibits the 
effect of endogenous factors on IGFBP gene transcription by 
90% (Fig. SD, bar B) relative to the activity seen in serum- 
deprived cells (bar A). The PI 3-kinase inhibitor enhances IG- 
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Fig. 4. Serum growth factors signaling to PI 3-kinase regulate DAF-16 nuclear/cytoplasmic distribution by regulating DAF-16/ 
14-3-3 association. A, in vivo pull-down of Flag epitope-tagged DAF-16 with GST-tagged 14-3-3 or GST-AKT. Flag epitope-tagged DAF-16 {lanes 
2-4, 6-8, and 10-12), DAF-16 mutants; T54A (lanes 13-15), 2A (lanes 16-18), 3A (lanes 19-21), or control vector (lanes 1, 5, and 9) were 
coexpressed in 293 cells with GST- 14-3-3 (lanes 1-4 and 9-21) or GST-AKT (lanes 5-8). After transfection (24 h), cells were either grown in serum 
(lanes 4,8, 10, 13, 16, and 19) or were serum-deprived in the presence of the PI 3-kinase inhibitor LY2 94002 (lanes 3,7, 12, 15, 18, and 21) or vehicle 
(lanes 1, 2, 5, 6, 9, 11, 14, 17, and 20) for 24 h. Following affinity purification of GST fusions on GSH beads, associated DAF-16 was detected by 
anti-Flag immunoblot (using monoclonal antibody M2 (Sigma), top panel). The blots were Coomassie-stained for GST fusion recovery evaluation 
(middle panel). Representative samples of total lysates were analyzed for DAF-16 expression by an ti -Flag immunoblot (bottom panel). B, 
subcellular localization of DAF-16 WT and AKT site mutant derivatives in HEK 293 cells. Flag-epitope-tagged DAF-16 (lanes 2-4 and 15-23), 
DAF-16 mutants T54A (lanes 5-7), 2A (lanes 8-10), 4A (lanes 11-13), or control vector (lane 1) were expressed in 293 cells. 24 h after transfection, 
cells were maintained in serum (lanes 1-17) or deprived of serum in the presence of PI 3-kinase inhibitors: LY294002 (10 /xM, lanes 18-20) or 
wortmannin (10 nM, lanes 21-23). Cells were harvested and fractionated into nuclear and cytoplasmic fractions using the NE-PER kit (Pierce). 30 
jig of nuclear (N, lanes 3, 6, 9, 12,16, 19, and 22), 100 jug of cytoplasmic (C, lanes 2,5,8, 11, 15, 18, and 21), and a combination of 15 /ig of nuclear 
and 50 jug of cytoplasmic (NIC, lanes 1,4,7,10,13,14,17,20, and 23) extracts were resolved on SDS-PAGE and assayed for the presence of DAF-16 
by anti-Flag immunoblot. 



FBP-1 gene transcription 2-fold above that seen in serum- 
starved cells (compare bars A and C). DAF-16 activates the 
IGFBP promoter (compare bar A to bar D) and serum inhibits 
the activity of exogenous DAP- 16 by 50% (compare bars D and 
E), while LY294002 increases DAF-16 activity 2.5-fold over 
control levels (compare bars D and F). 

The transcriptional activity of both wild type and mutant 
derivatives of DAF-16 was similarly regulated by PI 3-kinase 
inhibition in HepG2 cells (Fig. bE). Whether wild- type or 
mutant DAF-16 derivatives are expressed in the pcDNA ex- 



pression system (panel D) or as GAL4 fusion proteins compare 
(panel E), their activity is stimulated above basal in response to 
LY294002 (Fig. 5E, bars B, D, and F). However, when activity 
is assessed using the GAL4 DNA binding site to direct gene 
expression, LY294002 does not activate the GAL4-DAF-16 de- 
rivatives (Fig. 5F } bars B, D, and F). Thus, we conclude that the 
stimulatory effect of LY29004 is also mediated at the level of 
DNA binding in vivo. 

The enhancing effect of LY294002 on GAL4-DAF-16 WT is 
greater than its enhancing effect on GAL4-DAF-16 3A and 4A 
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Fig. 5. PI 3-kinase inhibition enhances DAF-16 DNA binding and transcriptional activity via an AKT/14-3-3 site- independent 
pathway. A, identification of DAF-16 DNA binding activity in 293 cell nuclear extract. Nuclear extract was isolated from 293 cells expressing Flag 
epitope-tagged DAF-16 (M2-DAF-16) (lanes 3-5) or pcDNA alone (lanes 1 and 2) and assayed for binding to the 32 P-labeled IGFBP-IRE as in Fig. 
2A. Preimmune serum (PI, lanes 1 and 4) or anti-Flag antibody (M2, lanes 2 and 5) was used to supershifb DAF-16/DNA complexes. The location 
of the DAF-16/DNA complex and M2/DAF-16/DNA complex (supershift) is indicated. B, inhibition of endogenous PI 3-kinase activity enhances 
binding of DAF-16 to IRE DNA. Upper panel, nuclear extracts of 293 cells expressing Flag-epi tope- tagged DAF-16 (M2-DAF-16) (lanes 2 and 3) or 
vehicle (lane 1) grown in serum (lanes 1 and 2) or serum-deprived in the presence of LY294002 (10 /iM, lane 3) were prepared as in Fig. 4B and 
assayed for binding to the IGFBP-IRE as described in Fig. 2A and "Experimental Procedures." Lower panel, expression of DAF-16 in the nuclear 
(N) and cytoplasmic (C) fractions of the extracts shown was determined by anti-Flag immunoblotting, C, inhibition of endogenous PI 3-kinase with 
LY294002 enhances binding of DAF-16 AKT site mutants to IRE DNA. Upper panel, nuclear extract was isolated from 293 cells transfected with 
pcDNA alone (lanes 1-3), Flag-epitope- tagged DAF-16 (lanes 4-6), DAF-16 2A (lanes 7 and 8), or DAF-16 4A (lanes 9 and 10), Cells were grown 
in serum (lanes 1, 4, 7, and 9) or serum-deprived in the presence of LY294002 (10 yM, lanes 2, 5, 8, and 10) or wortmannin (10 nM, lanes 3 and 6). 
Binding to IGFBP-IRE was assayed as in Fig. 2A. Lower panel, expression of DAF-16 in the nuclear (AO and cytoplasmic (C) fractions was 
determined by anti-Flag immunoblotting. D, serum growth factors regulate DAF-16 transcription activation. Insulin-responsive HepG2 hepatoma 
cells were cotransfected with a luciferase reporter gene under the control of the native IGFBP promoter (15 p.g) and pcDNA3-DAF-16 (2 /xg/ml) 
(bars D-F) or a control pcDNA3 vector (2 /ig/ml) (bars A-C) together with RSV- /3-galactosidase to correct for transfection efficiency. 4 h after 
trans fection, cells were changed to serum-containing media (bars B and E) or serum deprivation media (starved) (bars A, C, D, and F) in the 
absence (bars A and D) or presence (bars C and F) of LY294002 (10 yM). Cells were harvested and assayed for luciferase (Promega kit) and 
/3-galactosidase (Tropix kit) expression according to the manufacturers instructions. The mean ratios ± S.E. of luciferase/j3-galactosidase triplicates 
are presented. E, inhibition of endogenous PI 3-kinase activity enhances transcription activity of DAF-16 WT and AKT site mutants DAF-16 3 A 
and DAF-16 4A on the IGFBPIRE. HepG2 cells were transiently cotransfected with an expression vector encoding the wild-type GAL4-DAF-16 
(bars A and B), or mutant GAL4-DAF-16 derivatives 3A (bars C and D) or 4A (bars E and F) (2 fig), the IGFBP-luciferase reporter gene (15 /tg), 
and the RSV-0 galactosidase reporter gene (2 yxg). Control cells growing exponentially in serum were stimulated with vehicle (bars A, C t and E) 
or serum-starved cells were stimulated with LY294002 (bars B, D, and F). The effect of LY294002 is shown as the percentage of control value. F, 
inhibition of endogenous PI 3-kinase activity does not affect transcriptional activity of DAF-16 WT or mutants on the GAL4 site. HepG2 cells were 
transiently cotransfected with GAL4-DAF-16 derivatives (2 ^g/ml) and the GAL4-LUC (15 /xg) reporter gene. Control cells growing exponentially 
in serum (bars A, C, and E) were compared with serum-starved cells stimulated with LY294002 (bars B, D, and F). Luciferase activity was 
normalized for j3-galactosidase gene expression and is presented as the percentage of the serum value for each plasmid. 



on the IGFBP-IRE (Fig. 5E, compare bar B to bars D and F), 
which suggests that DAF-16 WT is subject to both 14-3-3-de- 
pendent and independent regulation by LY294002 in vivo. The 
ability of LY294002 to enhance the activity of DAF-16 AKT/14- 
3-3 site mutants that are confined strictly to the nucleus (Fig. 
5C, lower panel, lanes 9-14, DAF-16 2A, 3A, and 4A) indicates 
that a PI 3-kinase-responsive, 14-3-3/AKT site-independent 



mechanism can control DAF-16 DNA binding and transcription 
activity. 

DISCUSSION 

Our results reveal the existence of at least two mechanisms 
that cooperate to inhibit DAF-16 DNA binding in response to 
factors that activate PI 3-kinase-dependent signaling path- 
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Table I 

Inhibition ofDAF-16 DNA binding via 14 -3 -3 -dependent (I) and -independent (II) pathways 
Pathway I, 14-3-3 associates with AKT-phosphorylated DAF-16 WT in vitro and blocks its ability to bind to the IRE DNA. In vivo DAF-16 WT 
associates with 14-3-3 and is translocated from the nucleus to the cytoplasm. Insulin inhibits transcription activation of DAF-16 WT when activity 
is assessed on IRE DNA, but not GAL4 DNA pointing to the importance of DAF-16/IRE binding as a mode of regulation by insulin. Insulin does 
not regulate the activity of the AKT/14-3-3 site mutant DAF-16 4A. Pathway II, a 14-3-3-independent mode of DAF-16 regulation is manifested 
by DAF-16 4A, which lacks all four AKT sites, does not bind 14-3-3, is not exported from the nucleus but, like DAF-16 WT, is subject to DNA 
binding regulation by the PI3 kinase inhibitor LY294002. LY294002 enhances DNA binding and transcription activity of both DAF-16 WT and 4A 
and therefore mediates its effect at least in part via an AKT site/14 -3-3-independent pathway. Again regulation by LY294002 of GAL4 DAF-16 
WT and 4A on an IRE but not a GAL4 DNA site, indicates that this effect is mediated primarily at the level of DNA binding. 
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Fig. 6. Proposed model of DAF-16 regulation by growth factor signaling to PI 3-kinase. Under conditions in which PI 3-kinase is 
inactive, DAF-16 is found in the nucleus and is bound to DNA. Pathway /, following growth factor stimulation and activation of PI 3-kinase, AKT 
phosphorylates DAF-16 on Thr-54, Ser-240/242, and Ser-314, 14-3-3 binds the Thr-54 and Ser-314 sites and prevents the interaction of DAF-16 
with DNA. DAF-16 is then translocated to the cytoplasm. Pathway II, endogenous PI 3-kinase signaling to DAF-16 WT and DAF-16 4A, which lacks 
AKT/14-3-3 binding sites, inhibits their ability to binding DNA. This effect occurs in the absence of 14-3-3 association or DAF-16 translocation. We 
propose that endogenous PI 3-kinase activates a kinase (or phosphatase) other than AKT that phosphorylates DAF-16 4A and inhibits DAF-16 4A 
DNA binding activity directly or by recruiting a cof actor that interacts with DAF-16 in a manner analogous to 14-3-3. Alternatively AKT or another 
kinase could phosphorylate the cofactor that interacts with DAF-164A. Regulation of DAF-16 WT DNA binding in vivo may occur via a combination 
of pathways I and II. 



ways. First, we show that in addition to its proposed role in 
promoting nuclear export/cytoplasmic retention of forkhead 
proteins, 14-3-3 can directly inhibit binding of AKT- phospho- 
rylated DAF-16 to DNA (Table I and Fig. 6, pathway I). Second 
we describe a novel PI 3-kinase-dependent pathway that inhib- 
its the DNA binding activity of DAF-16 4A, an AKT/14-3-3 site 
mutant that cannot bind 14-3-3 and is not subject to PI 3-kinase- 
dependent nuclear export (Table I and Fig. 6, pathway II). The 
ability of endogenous PI 3-kinase signaling to prevent DAF-16 
DNA binding independent of 14-3-3 may involve a phospho- 
rylation-dependent interaction of DAF-16 with an interacting 
protein. This cofactor could have an analogous function to 
14-3-3 and inhibit DAF-16 DNA binding activity in response to 
PI 3-kinase signaling. On the other hand, a cofactor that acts to 
stabilize DAF-16 DNA binding activity might dissociate from 



DAF-16 in response to PI 3-kinase signaling. In a third sce- 
nario, a non-AKT kinase (or phosphatase) downstream of en- 
dogenous PI 3-kinase could directly phosphorylate DAF-16 or 
DAF-16 4A and inhibit their ability to bind DNA. 

In HepG2 cells, we find that insulin inhibition of DAF-16 
function occurs via an AKT/14-3-3 site-dependent pathway 
(Fig. 6, pathway I), consistent with the observed ability of 
dimeric 14-3-3 to bind AKT phosphorylated DAF-16. Our ob- 
servation that insulin fails to inhibit the activity of GAL4- 
DAF16 bound to the GAL4 DNA site, as opposed to the IRE 
DNA site, implies that GAL4-DAF-16 is not subject to insulin- 
mediated inhibition of DNA binding or nuclear export when it 
is tethered to GAL4 DNA. Thus, we propose that, in HepG2 and 
293 cells, growth factors that regulate PI 3-kinase activity may 
act primarily to inhibit DAF-16 DNA binding via an interaction 
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with 14-3-3 and that this step is permissive for nuclear export. 

Our finding that insulin inhibition of DAF-16 is prevented by 
mutation of its AKT sites in HepG2 cells confirms that of Guo 
et al. (16), who reported similar results for FKHR. In Fig. 6 
(pathway 77), we propose a role for a kinase (or phosphatase) 
other than AKT in mediating the effect of PI 3-kinase signaling 
on DAF-16 DNA binding and function. Two observations sug- 
gest that the endogenous PI 3-kinase activity observed in se- 
rum-starved HepG2 and 293 cells may act via a distinct path- 
way from that which mediates the effect of insulin in HepG2 
cells. First, whereas insulin signaling via PI 3-kinase inhibits 
DAF-16 function via its AKT sites in HepG2 cells (Fig. 3), the 
effect of LY294002 to inhibit endogenous PI 3-kinase activity 
and enhance DAF-16 DNA binding and transcription function 
is seen on both wild-type DAF-16 and DAF-16 4A (Fig. 5). 
Second, in our hands LY294002 stimulated wild-type and mu- 
tant DAF-16 4A activity over the control levels observed in 
serum-starved 293 and HepG2 cells (Fig. 5) rather than simply 
reversing the negative effect of serum or insulin (14, 16). Thus, 
we conclude that the endogenous PI 3-kinase activity expressed 
in serum-starved 293 and HepG2 cells signals to a kinase other 
than AKT. Alternatively, endogenous PI 3-kinase signaling to 
AKT could modify the phosphorylation of a cofactor that inter- 
acts with DAF-16/Daf-16 4A. 

The observation that growth factor signaling activates dis- 
tinct effectors downstream of PI 3-kinase to regulate the activ- 
ity of DAF -16-like proteins is supported by three published 
reports. First, in the insulin-responsive H4 hepatoma cell line, 
insulin signaling via an AKT site-independent mechanism in- 
hibits the transcription activity of GAL4-FKHR; this effect 
occurs whether activity is assessed using the GAL4 DNA bind- 
ing site or the IGFBP-IRE site (35). This observation is con- 
sistent with a direct effect of insulin on FKHR transcription 
activity or localization and suggests that distinct insulin sig- 
naling pathways to DAF- 16-like FKH proteins may be opera- 
tive in specific cells. It is notable that the existence of insulin- 
regulated, AKT-independent mechanisms for DAF-16 
regulation were proposed based on genetic data in C. elegans 
(3). Second, although the DAF-16 homolog FKHRL1 can bind 
multimers of the PEPCK-IRE site and mediate the negative 
effect of insulin in H4IIE cells, mutation of the AKT sites in 
FKHRL1 inhibits the effect of insulin by 50% (36). Further- 
more, insulin activation of AKT does not appear to explain all 
the effects of insulin-stimulated PI 3-kinase activity on PEPCK 
gene transcription; negative regulation of this gene in H4 hep- 
atoma cells requires downstream effectors of PI 3-kinase dis- 
tinct from AKT, the atypical protein kinase Ck and Rac (37). 
Third, although insulin and IGF-1 can stimulate AKT activity 
equivalently in wild-type and insulin receptor-deficient SV40- 
transformed hepatocytes, respectively, only insulin stimulates 
phosphorylation of FKHR at site Thr-24 in these cells (33); 
thus, only insulin, and not IGF-1, stimulates nuclear export of 
FKHR in these cells. 

In HepG2 cells both insulin and LY294002 regulate IGFBP 
promoter activity in the absence of exogenously expressed 
DAF-16. This observation suggests that the pathways we de- 
scribe for DAF-16 are also relevant for endogenously expressed 
mammalian homologues such as FKHR (16) in HepG2 cells. 
Although it is formally possible that LY294002 activation of 
endogenous FKHR could require new protein synthesis, we 
show in Fig. 5B that the effect of LY294002 to enhance DAF-16 
DNA binding activity is not due to an increase in DAF-16 
protein expression or nuclear content. Thus, LY294002 appears 
to have a direct effect on the specific DNA binding activity of 
DAF-16. 



The proposed model of multistep regulation of DAF-16 at the 
level of DNA binding as well as regulation of subcellular local- 
ization by 14-3-3 underscores the complexity of the PI 3-kinase 
signaling pathways to forkhead proteins. Analogous results 
have been described for PH04, where four distinct phosphoryl- 
ation sites cooperate to regulate nuclear import, nuclear ex- 
port, and transcription activation of the target gene for PH05 
(38). Understanding the complex regulation of DAF-16 and its 
mammalian homologues will provide valuable insights into the 
mechanism that underlie the diverse effects of insulin on the 
metabolism, growth, and survival of its target tissues. 
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FOXOl, a member of the FOXO forkhead type tran- 
scription factors, is markedly up-regulated in skeletal 
muscle in energy-deprived states such as fasting and 
severe diabetes, but its functions in skeletal muscle have 
remained poorly understood. In this study, we created 
transgenic mice specifically overexpressing FOXOl in 
skeletal muscle. These mice weighed less than the wild- 
type control mice, had a reduced skeletal muscle mass, 
and the muscle was paler in color. Micro array analysis 
revealed that the expression of many genes related to 
the structural proteins of type I muscles (slow twitch, 
red muscle) was decreased. Histological analyses 
showed a marked decrease in size of both type I and type 
II fibers and a significant decrease in the number of type 
I fibers in the skeletal muscle of FOXOl mice. Enhanced 
gene expression of a lysosomal proteinase, cathepsin L, 
which is known to be up-regulated during skeletal mus- 
cle atrophy, suggested increased protein degradation in 
the skeletal muscle of FOXOl mice. Running wheel ac- 
tivity (spontaneous locomotive activity) was signifi- 
cantly reduced in FOXOl mice compared with control 
mice. Moreover, the FOXOl mice showed impaired gly- 
cemic control after oral glucose and intraperitoneal in- 
sulin administration. These results suggest that FOXOl 
negatively regulates skeletal muscle mass and type I 
fiber gene expression and leads to impaired skeletal 
muscle function. Activation of FOXOl may be involved 
in the pathogenesis of sarcopenia, the age-related de- 
cline in muscle mass in humans, which leads to obesity 
and diabetes. 
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Skeletal muscle is the largest organ in the human body, 
comprising about 40% of the body weight. The mass and com- 
position of skeletal muscle are critical for its functions, such as 
exercise, energy expenditure, and glucose metabolism (1, 2). 
Elderly humans are known to undergo a progressive loss of 
muscle fibers associated with diabetes, obesity, and decreased 
physical activity (sarcopenia) (3). In human skeletal muscle, 
there are two major classifications of fiber type: type I (slow- 
twitch oxidative, so-called red muscle) and type II (fast-twitch 
glycolytic, so-called white muscle) fibers (2). Mass, fiber size, 
and fiber composition in adult skeletal muscle are regulated in 
response to changes in physical activity, environment, or path- 
ological conditions. For example, space flight experiments us- 
ing rats showed a reduction in total skeletal muscle mass of up 
to 37% as well as a significant loss of contractile proteins in 
type I but not type II fibers by 1-2 weeks of microgravity (4). 
Furthermore, the ratio of type I to type II fibers is associated 
with obesity and diabetes; the number of type I fibers is re- 
duced in obese subjects and diabetic subjects compared with 
that in controls (5-7). 

Skeletal muscle mass is positively regulated by hormones 
such as insulin-like growth factors (IGFs) 1 and growth hor- 
mone (8). Induction of hypertrophy in adult skeletal muscle by 
increased load is accompanied by the increased expression of 
IGF-1 (9). Systemic administration of IGF-1 results in in- 
creased skeletal muscle protein and reduced protein degrada- 
tion (10). In addition, overexpression of IGF-1 blocks the age- 
related loss of skeletal muscle (11). Supplementation of IGF-1 
to muscle cells in vitro promotes myotube hypertrophy, sug- 
gesting that hypertrophy can be mediated by autocrine- or 
paracrine-produced IGF-1 (12). Thus, delivery of the IGF-1 
gene specifically into skeletal muscle has been proposed as a 
genetic therapy for skeletal muscle disorders. A better under- 
standing of the role of IGF-1 in skeletal muscle is therefore of 
great importance. 

Specialized/differentiated myofiber phenotypes, including 
type I and type II fibers, are plastic and are physiologically 



1 The abbreviations used are: IGF, insulin-like growth factor; CaMK, 
calmodulin-dependent kinase; PGC-la, peroxisome proliferator acti- 
vated receptor-y coactivator-la; STZ, streptozotocin; MLC, myosin light 
chain; mtCK, mitochondrial creatine kinase; IGFBP, IGF-binding pro- 
tein; COX, cytochrome c oxidase; DEXA, dual energy X-ray absorptiom- 
etry; EDL, extensor digitorum longus. 
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controlled by variations in motor neuron activity. The influence 
of motor neuron activity on different types of skeletal muscle 
fibers is considered to be transduced via calcium signaling and 
downstream molecules such as calcineurin and the calmodulin- 
dependent kinase (CaMK) pathway (13). Signals generated by 
calcium/calcineurin/CaMK augment the transactivating func- 
tion of Mef2 and/or NFAT and enhance type I fiber-specific 
gene expression (13-18). More recently, it has been shown that 
a nuclear receptor cofactor (19, 20), peroxisome proliferator 
activated receptor- y coactivator-la (PGC-la) (21), drives the 
formation of type I fibers. Specifically, in transgenic mice ex- 
pressing PGC-la, type II fibers are red in color, and PGC-la 
activates expression of type I fiber-specific genes (22). We also 
reproduced the PGC- la-induced red appearance of skeletal 
muscle; both type I and type II fibers appear redder in trans- 
genic mice overexpressing PGC-la in skeletal muscle (23). 

FOXOl (FKHR), FOX04 (AFX), and FOX03a (FKHRL1) are 
a subfamily of the forkhead type transcription factors (24, 25). 
FOXOl was originally cloned from a rhabdomyosarcoma be- 
cause of its aberrant fusion with another transcription factor, 
PAX3, resulting from a chromosomal translocation (26). Recent 
studies have shown that the FOXO protein can also act as a 
cofactor of nuclear receptor activity (27-30). FOXO family 
members have been shown to regulate various cellular func- 
tions. FOXOs influence the transcription of genes involved in 
metabolism (31-34), the cell cycle (35, 36), and apoptosis (37, 
38). In addition, FOXOl can modulate cell differentiation; the 
constitutive active form of FOXOl prevents the differentiation 
of preadipocytes (39) and stimulates myotube fusion of primary 
mouse myoblasts (40). Moreover, a FOXOl knockout mouse 
has been reported; Foxol haploinsufficiency restores insulin 
sensitivity and rescues the diabetic phenotype in insulin-resis- 
tant mice by reducing the hepatic expression of glucogenetic 
genes and by increasing the adipocytic expression of insulin- 
sensitizing genes (41). We have shown that FOXOl expression 
is increased in skeletal muscle in energy-deprived states, such 
as in fasting mice, in mice with streptozotocin (STZ)-induced 
diabetes, and in mice after treadmill running (42). However, 
the physiological role of FOXOl in skeletal muscle is still 
unclear. Although many studies have been performed using 
cultured cells, studies using animals with genetic modifications 
focused to the skeletal muscle remain to be conducted in order 
to understand the function of the FOXO family proteins in vivo. 
Meanwhile, it has been reported that FOXOl and PGC-la can 
physically interact and regulate gene expression in the liver 
(43). Given that PGC-la is important for the differentiation of 
type I fibers, FOXOl might be involved in this process. (Here- 
after, we use "differentiation of muscle fiber" to mean "a switch 
from one fiber type to another fiber type.") On the other hand, 
a genetic study of Caenorhabditis elegans showed that DAF16, 
the worm counterpart of FOXO, functions as a suppressor of 
insulin receptor-like signaling (44). Thus, the FOXO family 
may act negatively in mammals as a downstream player in 
insulin or IGF signaling. As IGF-1 plays an important role in 
controlling skeletal muscle mass, FOXOl might also be in- 
volved in this process. 

To gain insight into the potential role of FOXOl in skeletal 
muscle, including the control of skeletal muscle mass and the 
control of differentiation of muscle fiber type, we established 
transgenic mice specifically overexpressing FOXOl in their 
skeletal muscle. Most interestingly, these mice showed reduced 
skeletal muscle mass, and the muscle was paler in color. His- 
tochemical, physiological, and microarray analyses of these 
FOXOl transgenic mice showed that FOXOl is involved in the 
regulation of skeletal muscle mass and type I fiber gene ex- 
pression. In addition, our results suggest that FOXOl activa- 



tion may play a role in the impairment of skeletal muscle 
function including glycemic control. 

EXPERIMENTAL PROCEDURES 

RNA Analysis — Northern blot analyses were performed as described 
previously (42). The cDNA probes for Gadd45a (GenBank™ accession 
number, U00937), troponin C (slow) (M29793), troponin T (slow) 
(AV213431), myosin light chain (MLC) (slow) (M91602), myoglobin 
(X04405), mitochondrial creatine kinase (mtCK, AV250974), F 0> F r 
ATPase (AF030559), MLC (fast) (U77943), troponin I (fast) (J04992), 
troponin T (fast) (L48989), cathepsin L (X06086), IGF-binding protein 5 
(IGFBP5) (L12447), MuRFl (AF294790), and atrogin 1 (AF441120) were 
obtained by reverse transcription-PCR. The PCR primers used are as 
follows: Gadd45a, forward, 5 ' -TCGCACTTGCAATATGACTT-3 ' , and re- 
verse, 5'-CGGATGCCATCACCGTrCCG-3'; troponin C (slow), forward, 
5 ' -AGCTGCGGTAGAACAGTTGA-3 ' , and reverse, 5'-TCACCTGTGGCC- 
TGCAGCAT-3'; troponin T (slow), forward, 5 ' -TTCTGTCCAAC ATGGG- 
AGCT-3', and reverse, 5 ' -TCGGAATTTCTGGGCGTGGC-3 ' ; MLC (slow), 
forward, 5 ' -GAGTTC AAGGAAGCCTTC AC-3 ' , and reverse, 5'-CTGCGA- 
ACATCTGGTCGATC-3 ' ; myoglobin, forward, 5'-CACCATGGGGCTCA- 
GTGATG-3', and reverse, 5'-CTCAGCCCTGGAAGCCTAGC-3'; mtCK, 
forward, 5 ' -AAAGGAAGTGGAACGATTAA-3 ' , and reverse, 5'-TTGATG- 
TCITGGCCTCTCTC-3', F 0 ,F x -ATPase, forward, 5'-ACTGACCCTGCCC- 
CTGCAAC-3', and reverse, 5'-CAAGGCTCTTGTGTGGCCTG-3 ' , MLC 
(fast), forward, 5 '-AGGGATGGCATTATCGACAA-3 ' , and reverse, 5'-CA- 
GATGTTCTTGTAGTCCAC-3 troponin I, (fast), forward, 5'-AGGAAAG- 
CCGCCGAGAATCT-3 ' , and reverse, 5 ' -TACTGGGGAAGTGGGCAGTT- 
3'; troponin T (fast), forward, 5 '-C AGCAAAGAATTCGCGCTGA-3 ' , and 
reverse, 5 '-GGCCTTCTTGCTGTGCTTCT-3 ' ; cathepsin L, forward, 5'-C- 
GGAGGAGTCTTACCCCTAT-3 ' , and reverse, 5'-CTACCCATCAATTCA- 
CGACA-3'; IGFBP5, forward, 5'-GCCTATGCCGTACCGGCTCA-3', and 
reverse, 5'-CTTCACAGCCTCAGCCTTCA-3'; MuRFl, forward, 5'-ATG- 
AACTTCACGGTGGGTTT-3 ' , and reverse, 5 '-TCAGTGCAGGCCTGAG- 
CCTT-3'; and atrogin 1, forward, 5 ' - ATGC CGTTCCTTGGGC AGGA-3 ' , 
and reverse, 5 ' -TCAGAACTTGAAC AAATTGA-3 ' . FOXOl, FOX03a, and 
FOX04 cDNA probes were prepared as reported previously (42). COXII, 
COXIV, Mef2c, PGC-la, and glucose transporter 4 cDNA probes were 
prepared as described previously (23). NFAT (IMAGE clone 4109469) and 
CaMK II/3 (IMAGE clone 5014712) cDNA probes were purchased from 
Invitrogen. 

Generating Transgenic Mice — The human skeletal muscle a-actin 
promoter (45) was provided by Drs. E. D. Hardeman and K. Guven 
(Children's Medical Research Institute, Australia). The human FOXOl 
cDNA was as described previously (42). The transgene (Fig. 1A) was 
excised from agarose gel and purified for injection (2 ng /d" 1 ). Fertilized 
eggs were recovered from C57BL/6 females crossed with C57BL/6 males 
and microinjected at Japan SLC Inc. (Hamamatsu, Japan). The mice 
were maintained at a constant temperature of 22 °C with fixed artificial 
light (12-h light and 12-h dark cycle). Care of the mice was conducted in 
accordance with the institutional guidelines. 

Body Composition Analysis — Mice were anesthetized with pentobar- 
bital sodium, Nembutal (0.08 mg/g body weight, Abbott), and scanned 
with a Lunar PIXI mus2 densitometer (Lunar Corp., Madison, WI), 
equipped for dual energy x-ray absorptiometry (DEXA) (46). 

Immunoblotting — Protein extracts from skeletal muscle were pre- 
pared by centrifugation of the tissue homogenates as described previ- 
ously (47). Protein extracts (30 jxg) separated by SDS-PAGE were 
electrophoretically transferred to Immobilon P membranes (Millipore, 
Bedford, MA). Immunoblotting was performed by using goat anti- 
FOXOl IgG (N-18, Santa Cruz Biotechnology, Inc. Santa Cruz, CA), 
goat anti-troponin I (slow) (C-19, Santa Cruz Biotechnology), goat anti- 
troponin I (fast) (C-19, Santa Cruz Biotechnology), goat anti- myoglobin 
(M-109, Santa Cruz Biotechnology), or rabbit anti-PGC-la (C terminus, 
Calbiochem) as primary antibodies (1:1000) and anti-goat IgG or anti- 
rabbit IgG conjugated with horseradish peroxidase as secondary anti- 
bodies (1:1000). Bands were visualized with the enhanced chemilumi- 
nescence system (Amersham Biosciences). 

Histological Analyses — Skeletal muscle (soleus) samples were frozen 
in liquid nitrogen-cooled isopentane, and transverse serial sections 
were stained with ATPase at pH 4.3 to detect type I fibers and at pH 
10.5 to detect type II fibers (48). The ratio of type I fibers to type II fibers 
and the size (area) of skeletal muscle cells were determined by counting 
cell numbers in six randomly selected cross-section areas (each 900 
/an 2 ) stained with ATPase at pH 4.3. 

Blood Analysis — Blood samples were obtained from mice tail tips for 
hormone and metabolite determination under feeding conditions. Im- 
munoreactive insulin was measured by an insulin assay kit (Morinaga, 
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Kanagawa, Japan), free fatty acid by NEFA C-test Wako (Wako Bio- 
chemicals, Osaka, Japan), lactate by the lactate reagent (Sigma), and 
glucose by the TIDEX glucose analyzer (Sankyo, Tokyo, Japan). 

Running Wheel Activity — Mice were housed individually in cages 
(9 X 22 X 9 cm) equipped with a running wheel (20-cm in diameter, 
Shinano Co., Tokyo, Japan). Each wheel revolution was registered by a 
magnetic switch, which was connected to a counter. The number of 
revolutions was recorded daily for 6 days. 

Oral Glucose and Insulin Tolerance Test — For the oral glucose toler- 
ance test, D-glucose (1 mg/g of body weight, 10% (w/v) glucose solution) 
was administered with a stomach tube after an overnight fast. Blood 
samples were obtained by cutting the tail tip before and 30, 60, and 120 
min after glucose administration. For the insulin tolerance test, human 
insulin (Humulin R; Lilly) was injected intraperitoneal^ (0.75 milli- 
units/g of body weight) into fed animals. Blood glucose concentrations 
were measured using a TIDEX glucose analyzer (Sankyo, Tokyo, 
Japan). 

Microarray Analyses — RNA was isolated from skeletal muscle (quad- 
riceps) of sex- and age-matched FOXOl mice (Al and A2 lines) and 
control mice (males at 4 months of age, RNA from three mice of each 
group were combined). Each of the combined samples was hybridized to 
the Asymetrix MGU74A microarray, which contains 12,489 genes in- 
cluding ESTs, and analyzed with the Affymetrix Gene Chip 3.1 software 
as described previously (49). Of the 12,489 genes including ESTs ana- 
lyzed, 2500 (non transgenic control mice), 2490 (line Al, transgenic), 
and 2510 (line A2, transgenic) genes were expressed at a substantial 
level (absolute call is present and average difference is above 150). 
Genes were classified on the basis of the biological function of the 
encoded protein, using a previously established classification scheme 
(50). The classification scheme was composed of seven major functional 
categories and several minor functional categories within the major 
categories. 

Statistical Analyses — Statistical comparisons of data from the exper- 
imental groups were performed by the one-way analysis of variance, 
and groups were compared using the Fisher's protected least significant 
difference test (Statview 5.0, Abacus Concepts, Inc., Berkeley, CA). The 
glucose and insulin tolerance curves were compared by repeated meas- 
ure analysis (Statview 5.0, Abacus Concepts). When significant, groups 
were compared by the Fisher's protected least significant difference 
test. Statistical significance was defined as p < 0.05. 

RESULTS 

Creation of FOXOl Mice — The human skeletal muscle a-ac- 
tin promoter (45) was used to drive the expression of the hu- 
man FOXOl transgene in mice (Fig. 1A). During development, 
cardiac muscle a-actin is the predominant isoform of sarcom- 
eric a-actin in mice, and the switch to skeletal muscle a-actin 
occurs postpartum (45). Thus, by using the skeletal muscle 
a-actin promoter, the possibility that embryonic expression of 
FOXOl might interfere with development was minimized. We 
obtained two independent lines of transgenic mice (lines Al 
and A2). Southern blot analysis of DNA obtained from mouse 
tails was performed as shown in Fig. LB. The transgene copy 
number of each animal was estimated by densitometric scan- 
ning of the autoradiographs from the Southern blots. 

Expression of the FOXOl transgene was evaluated by North- 
ern blot analysis with RNA isolated from the tissues of FOXOl 
mice and age-matched control mice at 8 weeks of age (Fig. 1C). 
The use of this promoter resulted in predominantly high ex- 
pression levels of the FOXOl transgene in skeletal muscle 
(about 3.5 kb). The A2 line showed expression levels of the 
FOXOl transgene in skeletal muscle that were similar to or 
slightly higher than that in the Al line. Transgene expression 
was observed not only in the gastrocnemius and quadriceps but 
also in other areas of skeletal muscle including the tibialis 
anterior, extensor digitorum longus (EDL), and soleus (not 
shown). The blot was then re-hybridized with a cDNA probe of 
Gadd45a, an authentic target gene of FOXOl (51, 52). As 
expected, induction of the expression of Gadd45a was observed 
in skeletal muscle but not in other tissues in both FOXOl 
transgenic mouse lines (Fig. 1C), indicating that the transgene 
expressed a functional FOXOl protein. By using an antibody 
that recognizes both human and mouse FOXOl, we confirmed 
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Fig. 1. Creation of FOXOl transgenic mice. A, map of the 5-kb 
construct used for transgenic microinjection. The transgene was under 
the control of the human skeletal muscle a-actin promoter and included 
exon 1 and the intron of the human skeletal muscle a-actin gene as well 
as the bovine growth hormone polyadenylation site (45). B, character- 
ization of FOXOl mice. Two transgenic lines, Al and A2, were identi- 
fied by Southern blot analyses of DNA obtained from the tail of each 
mouse. The copy number was 2 for Al and 10 for A2, as estimated by 
densitometric scanning of the autoradiographs of the Southern blot. C, 
expression of the FOXOl transgene in mice. Northern blot analysis of 
human FOXOl mRNA expression in tissues from FOXOl mice (UneAl 
and A2) and non transgenic control mice. RNAs from brain, brown 
adipose tissue (BAT), heart, kidney, liver, lung, skeletal muscle (gas- 
trocnemius (Gastro.) and quadriceps (Quadri. )), and white adipose tis- 
sue (WAT) were analyzed. The blots were re-hybridized with the 
Gadd45a probe. Each lane contained 20 /ig of total RNA. 28 S riboso- 
mal RNA staining of a sample from control mice is shown. Similar 
staining was observed in samples from transgenic mice (not shown). D, 
expression of the FOXOl protein in the skeletal muscle of FOXOl mice. 
Protein extracts (30 jLig per lane) were subjected to SDS-PAGE. The 
FOXOl protein was detected by immunoblotting. The densitometric 
ratio is shown below the autoradiogram (the control was set as 100). E, 
comparison of representative samples of dissected skeletal muscle (TA, 
tibialis anterior; Sol, soleus; Gastro, gastrocnemius; Quadri, quadri- 
ceps) between FOXOl mice and litter mate control mice. Legs were 
removed from 4-month-old (lines Al and A2) transgenic mice and age- 
matched control mice. Tibialis anterior, gastrocnemius, and quadriceps 
contain a mixture of type I and II fibers; EDL is enriched in type II 
fibers, and soleus is enriched in type I fibers (control). Average dry mass 
(n = 3 in each group) is shown below the panel. Muscles were smaller 
in size and paler in color in FOXOl mice than in control mice. 



FOXOl Reduces Skeletal Muscle Function 



41117 



Table I 

FOXOl mice are smaller in body weight and lean body mass 



FOXOl mice weighed less (body weight and lean body mass) than non transgenic, age- and sex-matched controls, when measured at 5 months 
of age (line Al) and at 4 months of age (line A2). Fat content per body weight of control and FOXOl mice did not differ significantly. Data on both 
male and female mice are shown. Food intake and blood analyses of these mice are also shown. Values represent means ± S.E. 



Mice 


Numbers 


Sex 


Age 


Body weight 


Lean body 
mass 


Fat content 


Food intake 


Free fatty acid 


Lactate 


Glucose 


Insulin 










g 


g 


% 


glgfday 


mEqfliter 


mg/ml 


mgfdl 


pglml 


Control 


4 


Male 


5 months 


29.0 ± 1.0 


24.1 ± 0.3 


20.8 ± 1.6 


0.18 ± 0.005 


0.30 ± 0.025 


53.0 ± 4.3 


163 ± 2.9 


1775 ± 700 


Al 


4 


Male 




24.5 ± 0,4° 


20.3 ± 0.4 6 


20.8 ± 0.5 


0.17 ± 0.004 


0.34 ± 0.098 


56.3 ± 8.3 


173 ± 14 


739 ± 139 


Control 


4 


Female 




21.6 ± 0.9 


19.3 ± 0.9 


12.9 ± 1.0 


0.25 ± 0,017 


0.39 ± 0.060 


32.7 ± 3.1 


158 ± 8.0 


289 ± 14 


Al 


6 


Female 




18.4 ± 0.4 a 


16.4 ± 0.2° 


15.8 ± 1.2 


0.24 ± 0.017 


0.38 ± 0.049 


38.9 ± 2.5 


163 ± 5.3 


302 ± 5 


Control 


4 


Male 


4 months 


24.3 ± 0.4 


21.0 ± 0.4 


15.2 ± 1.2 


0.21 ± 0.011 


0,40 ± 0.045 


37.3 ± 3.7 


160 ± 10 


373 ± 19 


A2 


4 


Male 




19.4 ± 0.1* 


17.4 ± 0.2 6 


15.0 ± 1.9 


0.18 ± 0.017 


0.33 ± 0.077 


46.4 ± 6,6 


184 ± 14 


573 ± 109 


Control 


4 


Female 




19.9 ± 0.6 


17.6 ± 0.7 


12.8 ± 0.2 


0.25 ± 0.027 


0.45 ± 0.055 


34.5 ± 1.9 


144 ± 10 


283 ± 10 


A2 


4 


Female 




17.3 ± 0.3 a 


15.1 ± 0.4 C 


13.3 ± 0.9 


0.23 ± 0.041 


0.58 ± 0.096 


35.7 ± 5.9 


143 ± 6.5 


316 ± 10 



a p < 0.01. 
b p < 0.001. 
c p < 0.05. 



the presence of the FOXOl protein in the skeletal muscle of 
FOXOl mice (Fig. ID). An -2.2-fold (line Al) and 3-fold (line 
A2) increase in FOXOl protein levels was observed. These 
increases were at the physiological level, since 24-h fasting has 
been shown to increase FOXOl protein content by 2. 5-3 -fold 
(Ref. 53 and data not shown). 

FOXOl Mice Are Small — The apparent phenotype observed 
in FOXOl mice was small stature and thinner legs than the 
control mice. Both male and female transgenic mice weighed 
about 10% less than the control mice at 5 weeks of age (not 
shown). We used DEXA to measure the lean body mass (body 
weight excluding fat weight) and the content of fat in the whole 
body of the Al line (at 5 months of age) and the A2 line (at 4 
months of age) in age- and sex-matched control mice (Table I). 
Both body weight and lean body mass were significantly lower 
in both male and female FOXOl mice (both lines) than in 
control mice. However, the fat content per total body weight of 
both FOXOl mouse lines was comparable with that of non- 
trans genie mice (Table I). Thus, the decrease in body weight of 
the FOXOl mice is not caused by a decrease in body fat but by 
a decrease in lean body mass. Consistent with the data on 
decreased lean body mass, the skeletal muscles in FOXOl mice 
were smaller in size and dry mass, as well as paler in color than 
those of control mice (Fig. LE). Consumption of food per body 
weight was not significantly different between FOXOl mice 
and control mice (Table I). Blood metabolite (free fatty acid, 
lactate, and glucose) and insulin levels did not differ signifi- 
cantly between FOXOl mice and the controls (Table I). 

Microarray Analysis — To obtain information on changes in 
gene expression in FOXOl mice, we performed microarray 
analysis using RNA samples from skeletal muscle (quadriceps) 
of transgenic and control mice. Most interestingly, the largest 
category of genes with suppressed expression in the transgenic 
mice was those involved in cell structure. Namely, about half of 
the down-regulated genes were classified as cytoskeletal pro- 
teins (Table II). The FOXOl-induced genes were distributed 
throughout various categories (not shown, see Supplemental 
Material 1). 

In the skeletal muscle of FOXOl mice, there was a decrease 
in the expression levels of genes related to structural proteins 
of the type I fiber (slow twitch oxidative, red muscle), such as 
slow muscle isoforms of myosins (Table II, line numbers 1, 4, 
and 6), slow isoforms of troponins (Table II, line numbers 2,5, 
and 7), a-tropomyosin slow type (Table II, line number 13), 
myoglobin (Table II, line number 12), and mtCK (Table II, line 
number 15), which are abundant in type I fibers (54). This is 
consistent with the observation that the skeletal muscles of 
FOXOl mice are pale (Fig. IE). In the microarray, the expres- 
sion of mitochondrial oxidative metabolism genes, such as the 



electron transport system, did not differ between FOXOl mice 
and controls (not shown). In large mammals such as humans, 
type I fibers are higher in mitochondrial content and more 
dependent on oxidative metabolism than type II fibers. In small 
mammals (e.g. mouse and rat), a large amount of mitochondria 
is seen in type II fibers as well as type I fibers (2). The large 
amount of mitochondria in both type I and type II fibers in mice 
would explain the unchanged gene expression of the mitochon- 
drial electron transport system, although expression of type I 
fiber genes was markedly suppressed. In addition, the gene 
expression of type II fiber isoforms did not differ (not shown). 
Namely, expression of genes preferentially abundant in type I 
fibers appears to be suppressed in the skeletal muscle of 
FOXOl mice. 

Northern Blot Analysis of Representative Genes — We recog- 
nize the limitation of single microarray assays, as they can 
contain certain noise in the data. Thus, to verify the changes of 
gene expression found in the microarray analysis, we per- 
formed Northern blot analysis by using probes for several 
genes. In addition to representative genes in the list (Table II), 
we also analyzed several additionally selected genes of type I 
fiber or type II fiber markers or genes that may be involved in 
fiber differentiation. FOXOl overexpression did not signifi- 
cantly affect mRNA levels of the other FOXO members, FOX04 
and FOX03a (Fig. 2A). Consistent with the microarray data, a 
reduction in gene expression was confirmed for type I fiber 
proteins, such as troponin C (slow) (Table II, line number 2), 
MLC (slow) (Table II, line number 6), troponin T (slow) (Table 
II, line number 7), myoglobin (Table II, line number 12), and 
mtCK (Table II, line number 15) (Fig. 2A). On the other hand, 
expression levels of genes for components of the mitochondrial 
electron transport system, such as cytochrome c oxidase II and 
IV (COX II and IV), and the F 0 ,F r ATPase, were not markedly 
changed in the skeletal muscle of FOXOl mice. Next, we ex- 
amined type II fiber genes. The expression of genes for troponin 
I (fast), troponin T (fast), and MLC (fast) did not differ between 
FOXOl mice and control mice. Thus, the results of the microar- 
ray analysis were confirmed by Northern blot analysis. In 
addition, given that Mef2, NFAT, CaMK, and PGC-la have 
been implicated recently in regulating gene expression in type 
I fibers (14-18, 22), we also examined the level of their expres- 
sion in skeletal muscle of control and FOXOl mice. PGC-la 
mRNA levels were slightly increased in the skeletal muscle of 
FOXOl mice (line A2). Most interestingly, expression levels of 
Mef2c and CaMK were reduced in FOXOl mice. FOXOl-medi- 
ated down-regulation of type I fiber genes may, in part, be 
regulated by Mef2c and CaMK. 

Moreover, we examined the expression levels of genes whose 
expression levels are known to be changed during skeletal 
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Table II 

Gene with decreased expression in the skeletal muscle of FOXOl mice 
The expression levels of 22 genes were significantly decreased in both the Al and A2 lines of FOXOl mice. The genes are listed in the order of 
greatest fold change in expression in skeletal muscle from line Al mice relative to control mice. Fold change calculations were carried out as an 
indication of the relative change of each transcript represented on the probe array. The average difference value is a marker of abundance of each 
gene. Categories and subcategories are based on a previously established classification scheme (50) and literature review. Change ( 1 ) indicates 
that expression is significantly decreased compared with control mice. 
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muscle atrophy such as caused by fasting, cachexia, and STZ- 
induced diabetes (55). Specifically, gene expression of atrogin 
1/MAFbx, MuRFl (both are ubiquitin ligases), and cathepsin L 
(a lysosomal protease) is up-regulated and IGFBP5 is down- 
regulated during skeletal muscle atrophy (55). In our Northern 
blot analysis, the level of atrogin 1 expression was increased in 
the A2 line of FOXOl mice, which has less skeletal muscle, but 
not in the Al line, which also has less skeletal muscle mass 
than nontransgenic controls. In both the Al and A2 lines of 
FOXOl mice, the expression of cathepsin L and IGFBP5 was 
increased and decreased, respectively. The MuRFl mRNA level 
was not changed. Thus, atrophy-related gene expression 
changes including that of protein degradation likely occurred in 
the skeletal muscle of FOXOl mice. 

Western Blot Analysis of the Skeletal Muscle of FOXOl Mice 
and PGC-la Mice — We examined the expression of various 
gene products of FOXOl mice at the protein level by Western 
blot analysis (Fig. 2B). Protein extracts from the skeletal mus- 
cle of FOXOl mice (Al and A2 lines) and wild-type control mice 
were used. For comparison, we analyzed protein extracts from 
the skeletal muscle of PGC-la transgenic mice, which we pre- 
viously analyzed (23). Protein levels of troponin I (slow) and 
myoglobin, which are rich in type I fibers, were increased in 



PGC-la mice but decreased in FOXOl mice (Fig. 2B). On the 
other hand, the protein level of troponin I (fast), which is rich 
in type II fibers, was decreased in PGC-la mice but not in 
FOXOl mice (Fig. 2B). Thus, Western blot analysis of the 
protein expression of genes for type I and type II fibers was 
consistent with the results of mRNA expression analysis. 

Histological Analysis of Skeletal Muscle of FOXOl Mice — We 
examined the relationship between the change in type I fiber 
gene expression and actual muscle fiber morphology in the 
skeletal muscle (soleus) of transgenic mice using light micros- 
copy and histochemical procedures (Al line, 4 months after 
birth; A2 line, 3 months after birth). Distinction between type 
I and type II fibers can be made by myosin ATPase staining at 
different pH values. Specifically, at pH 10.5, type II fibers are 
well stained but not type I fibers, and at pH 4.3, type I fibers 
are well stained but not type II fibers (2). ATPase staining 
revealed that skeletal muscle cells (both type I and type II 
fibers) in the FOXOl mice are smaller than those of the control 
mice (average cross-sectional area of muscle fibers; Al line, 
11.5 ± 0.8 ^m 2 in FOXOl mice and 20.0 ± 2.7 pun 2 in control 
mice; A2 line, 9.8 ± 0.5 pun 2 in FOXOl mice and 14.1 ± 1.9 ju,m 2 
in control mice) and had fewer type I fibers than those in the 
control mice (average; Al line, 28.6 ± 1.3% in FOXOl mice and 
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Fig. 2, Gene product levels in the skeletal muscle of FOXOl mice. A, Northern blot analysis was performed on total RNA (20 fig per lane) 
isolated from skeletal muscle (quadriceps) of FOXOl mice (line Al and UneA2) and nontransgenic control mice. The same RNA sample sets were 
blotted onto multiple membranes and hybridized with the indicated probes. The names of genes examined are on the left of the autoradiograms, 
and average densitometry ratios (the control was set as 100) are on the right (*, p < 0.05; **, p < 0.01). Equal sample loading was confirmed by 
ethidium bromide staining of 28 S ribosomal RNA. Each lane represents a sample from an individual mouse. B, Western blot analysis was 
performed on protein extracts from the skeletal muscle of FOXOl mice (Al and A2 lines), PGC-la mice, and control mice. Antibodies against 
FOXOl, PGC-la, troponin I (slow), myoglobin, and troponin I (fast) were used. A typical autoradiogram, representative of three independent 
experiments with similar results, is shown. Numbers below the panels are values of the densitometric ratios (the signal of the control for each 
sample was set as 100). Corresponding bands are indicated by arrowheads. The approximate estimated molecular sizes are as follows: FOXOl, 70 
kDa; PGC-la, 90 kDa; troponin I (slow), 30 kDa; myoglobin, 30 kDa; and troponin (fast), 40 kDa. 



37.8 ± 2.2% in control; A2 line, 20.2 ± 2.3% in FOXOl mice and 
40.4 ± 2.0% in control) (Fig. 3A). Immunohistochemistry with 
antibodies to myoglobin (present at high concentrations in type 
I fibers) confirmed the reduction in the number of type I fibers 
in the skeletal muscle of FOXOl mice (not shown). Skeletal 
muscle samples from FOXOl mice had no structural abnormal- 
ities such as mitochondrial abnormalities, glycogen accumula- 
tion, vacuolar formation, and muscle fiber degeneration (not 
shown). 

Running Wheel Activity of FOXOl Mice — The mass and fiber 
composition of skeletal muscle are important for physical ex- 



ercise. Type I fibers are more resistant to fatigue than type II 
fibers (2). As the FOXOl mice had decreased total skeletal 
muscle mass and fewer type I fibers, they may have a low 
capacity for endurance, such as that needed in a marathon. We 
then compared the running wheel activity (spontaneous loco- 
motive activity) in FOXOl mice and control mice. Mice were 
transferred to cages with a running wheel and monitored daily 
for the number of wheel revolutions made for 6 days. Both lines 
of FOXOl mice showed significantly fewer wheel revolutions 
(Fig. 32?). The decrease in running wheel activity suggested 
that FOXOl mice were less able to sustain continuous muscle 
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Fig. 3. A, histological analysis of skele- 
tal muscle. Light microscopy of ATPase 
(pH 4.3 for type I fibers and pH 10.5 for 
type II fibers)- stained transverse sections 
of skeletal muscle (soleus) specimens 
from FOXOl mice (line A2) and control 
littermates at 3 months of age. Bars, 50 
jxm. Skeletal muscle fibers of FOXOl 
mice were thinner and contained fewer 
type I fibers than that of control mice. B, 
running wheel activity of FOXOl mice. 
Mice were housed individually in cages 
equipped with a running wheel (20 cm in 
diameter). The number of revolutions 
made was recorded daily for 6 days, and 
the cumulative values are shown. Open 
column, control; closed column, FOXOl 
mice. Running wheel activity was signifi- 
cantly (p < 0.05) reduced in FOXOl mice 
(line Al, left; line A2, right) compared 
with control mice. Mice used were females 
at 10 weeks (line Al) and 9 weeks (line 
A2) of age. Numbers of animals used are 
as follows: line Al, control, n = 6; FOXOl 
mice, n = 5; line A2, control, n - 4; 
FOXOl mice, n = 3. Because male mice 
responded similarly, only the data from 
female mice are shown. C and D, oral 
glucose tolerance tests (C) and insulin tol- 
erance tests CD) on FOXOl mice. For the 
oral glucose tolerance test, mice were 
fasted overnight and given D-glucose (1 
mg/g body weight) orally by a stomach 
tube. Blood glucose levels were deter- 
mined at the times indicated. For the in- 
sulin tolerance test, mice were allowed 
free access to food and then given 0.75 
milliunits of human insulin/g of body 
weight. Blood glucose levels were meas- 
ured at the indicated time points. Mice 
used were males at 10 weeks (line Al) and 
9 weeks (line A2) of age. The numbers of 
animals used were: lineAl, control, n = 6; 
FOXOl mice, n = 5; line A2, control, n ~ 
5; FOXOl mice, n = 4. 
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contractions than control mice, which is consistent with the 
reduction in the mass of skeletal muscle and the number of 
type I fibers. 

Oral Glucose Tolerance Test and Insulin Tolerance Test on 
FOXOl Mice — Skeletal muscle is important for glucose metab- 
olism. To examine whether the decreased skeletal muscle mass 
of FOXOl mice is affecting their systemic glucose homeostasis, 
we examined oral glucose tolerance and insulin tolerance in 
FOXOl mice. Glucose tolerance was impaired in both lines of 
FOXOl mice, namely peak blood glucose values in FOXOl mice 
were elevated significantly above those of the control mice (Fig. 
3C). The insulin tolerance test clearly demonstrated that the 
glucose-lowering effects of insulin were impaired in both the Al 
and A2 lines of FOXOl mice, compared with those in age- and 
sex-matched control mice (Fig. 3D). FOXOl mice showed a low 
capacity for glucose metabolism and decreased insulin sensi- 
tivity. Adipose tissue, another organ playing a role in glucose 
metabolism, appears not to be involved in this impaired glyce- 
mic control because 1) body fat did not differ between FOXOl 
mice and control mice (Table I), and 2) gene expression of 
glucose transporter 4, which is a rate-limiting molecule of 
insulin-dependent glucose intake (56), was not decreased in 
adipose tissue of FOXOl mice (see Supplemental Material 2). 
FOXOl mice may therefore represent a certain type of diabetic 
state in humans. 

Change in Endogenous FOXOl Expression by Physical Inac- 
tivity — We performed Northern blot analysis with RNA from 
the skeletal muscle of mice maintained under a long period of 
physical inactivity. The right hindlimbs of wild-type mice were 



immobilized in plaster casts, and the left hindlimbs were left 
freely moving for the control sample. After 3 weeks in the 
plaster casts, skeletal muscle (gastrocnemius) weight of the 
right hindlimbs was significantly decreased compared with 
that in the controls (average, 88 ± 12 mg for immobilized and 
149 ± 6 mg for freely moving controls, n — 3, p < 0.05). As 
shown in Fig. 4, the gene expression of troponin C (slow), 
myoglobin, and mtCK but not MLC (fast) and troponin T (fast) 
was markedly decreased in the plaster-casted muscle. At the 
same time, endogenous FOXOl mRNA was increased in the 
immobilized muscle (Fig. 4). Furthermore, Gadd45a was in- 
creased in the same sample. In addition, cathepsin L, but not 
atrogin 1 and MuRFl, were increased (Fig. 4). Thus, mRNAs of 
endogenous FOXOl, Gadd45a, and cathepsin L were in- 
creased; skeletal muscle mass was decreased, and the expres- 
sion of type I fiber genes but not type II fiber genes were 
decreased. The gene expression changes observed in the plas- 
ter-casted skeletal muscle were similar to the changes observed 
in the FOXOl mice (Fig. 2A). These results further support the 
involvement of FOXOl in the negative regulation of skeletal 
muscle mass and the expression of type I fiber genes. 

DISCUSSION 

To gain insight into the role of FOXOl in skeletal muscle in 
vivo, we established transgenic mice overexpressing human 
FOXOl. The FOXOl transgene was predominantly expressed 
in the skeletal muscle, and the increase in FOXOl protein 
expression was within physiological levels. Most interestingly, 
the skeletal muscle of FOXOl mice weighed less and was paler 
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in color. The results of gene expression analyses showed that 
type I (red muscle) fiber-related gene expression was decreased 
in the skeletal muscle of FOXOl mice. In addition, histological 
examinations showed that the skeletal muscle of FOXOl mice 
had fewer type I fibers and smaller type I and type II fibers. 
Consistently, under long time physical inactivity by immobiliz- 
ing skeletal muscle in plaster casts, an increased expression of 
endogenous FOXOl mRNA and a markedly decreased expres- 
sion of genes related to type I fibers were observed. These 
results suggest that FOXOl is a negative regulator of skeletal 
muscle mass and expression of type I fiber-related genes. More- 
over, FOXOl mice showed poor glycemic control and low ca- 
pacity for physical exercise, which involves the skeletal mus- 
cles, especially type I fibers. These phenotypes are consistent 
with the decreased mass of skeletal muscle including type I 
fibers in FOXOl mice. 

How does FOXOl affect the skeletal muscle, including the 
reduction of mass of both type I and type II fibers and the 
suppressed expression of type I fiber genes? In the following, 
we discuss the possibility of involvement of FOXOl in 1) 
growth, 2) protein degradation, and 3) differentiation of skele- 
tal muscle. 

1) FOXOl may suppress increase of skeletal muscle mass. A 
genetic study of C. elegans showed that DAF16, the worm 
counterpart of FOXO, functions as a suppressor of insulin 
receptor-like signaling (44). Thus, the FOXO family might act 
negatively in mammals as a downstream player in insulin or 
IGF signaling. IGF-1 stimulates the proliferation of skeletal 



muscle satellite cells (57). Mature skeletal muscle fibers are not 
able to proliferate. Skeletal muscle satellite cells, mononuclear 
cells located between the basement membrane and the plasma 
membrane of myofibers in mature cells, are important in post- 
natal skeletal muscle hypertrophy because of their ability to 
add new myonuclei into growing myofibers. Machida et al. (58) 
showed that FOXOl inhibited IGF-l-mediated skeletal muscle 
cell proliferation. In primary skeletal muscle satellite cells, 
FOXOl activates the promoter of p27 Kipl, an inhibitor of the 
cell cycle at the G x stage, which leads to inhibition of cell 
proliferation, and addition of IGF-1 reverses the FOXOl-medi- 
ated activation of the p27 Kipl promoter (58). Unexpectedly, 
p27 Kipl mRNA expression was unchanged in the skeletal 
muscle of FOXOl mice compared with that of controls (not 
shown). As the ratio of satellite cells is very small in total 
skeletal muscle, the increased expression of p27 Kipl in satel- 
lite cells may not have been detected in our assay. On the other 
hand, we showed enhanced expression of Gadd45a, an inhibitor 
of the cell cycle at the G 2 stage (51, 52), in the skeletal muscle 
of FOXOl mice (Figs. 1 and 2A). As a 0.7-kb stretch of the rat 
skeletal muscle a-actin promoter is active in skeletal muscle 
satellite cells (59), the FOXOl transgene, driven by a 2-kb 
stretch of the human skeletal muscle a-actin promoter (45), is 
likely to be expressed in the skeletal muscle satellite cells of the 
FOXOl mice. Thus, the increased amount of Gadd45a and 
possibly p27 Kipl in the skeletal muscle satellite cells of 
FOXOl mice may have suppressed the proliferation of satellite 
cells and caused a decrease in skeletal muscle mass (size). 
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Fig. 4. Gene expression in skeletal muscle immobilized in 
plaster casts. The right hindlimbs of mice at 9 weeks of age were 
immobilized in plaster casts, and left hindlimbs of the mice were kept 
free for the control sample. After 3 weeks of immobilization in plaster 
casts, Northern analysis was performed on total RNA (20 ug per lane) 
isolated from the skeletal muscle (gastrocnemius) of right hindlimbs 
and left hindlimbs. Plus and minus denote with or without immobili- 
zation, respectively. The names of the genes examined are on the right 
of the autoradiograms. A typical autoradiogram, representative of three 
independent mice with similar results, is shown. The densitometric 
ratio is shown below the autoradiograms (the control was set as 100). 

2) FOXOl may increase the degradation rate of skeletal 
muscle proteins. Gene expression of atrogin 1, MuRFl (both 
are ubiquitin ligases), and cathepsin L (a lysosomal protease) is 
up-regulated and IGFBP5 is down-regulated during skeletal 
muscle atrophy caused by fasting, cachexia, STZ-induced dia- 
betes, and other diseases (55). After we submitted our manu- 
script, a member of the FOXO family, FOX03a, was reported to 
activate the gene expression of atrogin 1, and addition of IGF- 1 
was found to reverse the FOX03a-mediated activation of the 
atrogin 1 promoter (60). Overexpression of an active form of 
FOX03a reduces the size of skeletal muscle fibers, both in vivo 
and in vitro (60). In addition, another group reported that 
overexpression of an active form of FOXOl in C2C12 muscle 
cells did not change the base-line expression of atrogin 1 and 
MuRFl, but the active form of FOXOl suppresses IGF-l-me- 
diated repression of atrogin 1 and MuRFl expression induced 
by glucocorticoids (61). This suggests that FOXOl expression is 
not sufficient for inducing atrophy-related genes, but FOXOl is 
negatively involved in IGF-l-mediated suppression of atrophy 
of skeletal muscle. In our Northern blot analysis, the level of 



atrogin 1 was increased in the A2 line but not in the Al line of 
FOXOl mice, although both had less skeletal muscle mass than 
the nontransgenic controls. In both the Al and A2 lines of 
FOXOl mice, the expression of cathepsin L and IGFBP5 was 
increased and decreased, respectively. MuRFl mRNA levels 
were not altered in both lines. Thus, atrophy-related protein 
degradation probably occurs in the skeletal muscle of FOXOl 
mice and could explain, in part, the decrease in skeletal muscle 
mass of the FOXOl mice. However, the increase in atrogin 1 is 
unlikely to be enough to cause the decrease in skeletal muscle 
mass of FOXOl mice, because the expression level did not 
change in the Al line of FOXOl mice. This is consistent with 
the description by Sandri et al. (60) that overexpression of 
atrogin 1 alone does not cause myotube or muscle atrophy. On 
the other hand, IGFBP5 is reported to modulate the activity of 
IGF-1 (62), and hence decreased expression of IGFBP5 may 
contribute to the decrease in skeletal muscle mass by affecting 
IGF-1 action. FOXOl transgene expression was observed in 
both type I fiber-rich soleus and type II fiber-rich EDL. Thus, 
changes in the expression of atrophy-related genes may be an 
alternative molecular explanation for the decreased skeletal 
muscle mass, including the size of both type I and type II fibers 
of FOXOl mice. 

3) Does FOXOl inhibit the differentiation of type I fibers? 
The FOXOl transgene is expressed in muscles rich in both type 
I and type II fibers. How does it cause the selective reduction of 
gene expression in type I fibers but not in type II fibers? It is 
possible that FOXOl suppresses the function of a factor(s) that 
is preferentially expressed in type I fibers and therefore acti- 
vates gene expression only in type I fibers. One candidate for 
such a factor is PGC-la, which is known to be preferentially 
expressed in type I fibers and enhances type I fiber gene ex- 
pression (22). As the FOXOl protein can interact with the 
PGC-la protein (43), FOXOl may affect certain functions of 
PGC-la. FOXOl may inhibit PGC-la function via its binding 
to PGC-la. FOXOl itself is a transcription factor. In addition, 
several reports (27-30) have shown that FOXOl acts as a 
corepressor of nuclear receptors, whereas PGC-la can activate 
many nuclear receptors (21, 63). Although to our knowledge 
nuclear receptors have not been shown to be involved in type I 
fiber-specific gene expression, a certain nuclear receptors) and 
transcription factor(s), which can interact with both FOXOl 
and PGC-la, may be involved in a process positively and neg- 
atively regulated by PGC-la and FOXOl, respectively. Further 
studies are required to examine this possibility. Besides, al- 
though PGC-la stimulates the differentiation of type I fibers, 
in FOXOl mice, gene expression was reduced in type I fibers 
but was not affected in type II fibers. Thus, fiber differentiation 
(switching) from type I to type II is not likely to occur in FOXOl 
mice, and FOXOl appears not to be involved in fiber 
differentiation. 

Calcineurin (14, 17) and CaMK (15), downstream molecules 
of calcium signaling (13), the transcription factors Mef2c (14- 
16, 18) and NFAT (14, 15, 17), as well as the nuclear receptor 
coactivator PGC-la (22) are known to promote type I fiber 
differentiation and type I fiber gene expression. In skeletal 
muscle of FOXOl mice, mRNA levels of Mef2c and CaMK are 
significantly decreased (Fig. 2A). FOXOl may reduce gene ex- 
pression in type I fiber by suppressing gene expression of Mef2c 
and CaMK 

FOXOl mice showed a clear phenotype related to the func- 
tion of skeletal muscle. Specifically, spontaneous locomotor 
activity was lower in FOXOl mice than in control mice (Fig. 
3B). In addition, FOXOl mice had impaired oral glucose toler- 
ance and impaired insulin-mediated glucose-lowering effects 
(Fig. 3, C and D). Elderly humans have been reported to show 
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a progressive loss of muscle fibers associated with diabetes, 
obesity, and decreased physical activity (sarcopenia). Overex- 
pression of IGF-1 in skeletal muscle prevents the age-related 
decline in muscle mass (11, 57). As described above, the re- 
duced skeletal muscle mass in FOXOl mice may be caused by 
the suppression of IGF signaling during skeletal muscle forma- 
tion, and FOXOl may therefore be involved in age-related 
sarcopenia in humans. FOXOl mice may be valuable as a 
model for human diseases related to loss of muscle fibers. 
Further analysis of the molecular mechanisms of FOXOl ac- 
tion in skeletal muscle is important from a clinical as well as a 
sports science perspective. 
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This article provides an overview or the role of 

metabolite toxicity, low-grade inflammation and dis- 
turbed cellular signaling in obesity, glucose intoler- 
ance and diabetes, It also highlights links between wis 
continuum of deteriorating glucose tolerance end ath- 
erosclerosis. 

Obesity, diabetes meimus, and cardiovascular dis- 
ease are all related to diet end to the level of physical 
activity. They have reached epidemic proportions 
worldwide. Glucose Intolerance and diabetes Increase 
the rfek of atherosclerotic events. Moreover, obesity, 
and glucose intolerance or diabetes, are components 
of the metabolic syndrome, which also Imparts an In- 
creased cardiovascular risk. There is inoreaaing recog- 
nition that common mechanisms contribute to dia- 
betes and cardiovascular disease. Following Increased 
calorie intake and/or decreased physios I activity, fuel 
metabolism generates excess of 'toxic' metabolites, 
particularly glucose and fatty adds- Homeostasis Is af- 
fected by the endocrine output from the adipoae tie- 
sue. Reactive oxygen species are generated, creating 
oxidative stress, which exerts major effects on signal- 
ing pathways, further affecting cellular metabolism 
and triggering low-grade inflammatory reaction. 

This perspective on the diabetic syndrome has been 
reflected in the approach to ita treatment, which inte- 
grates maintenance- of glycemic control with primary 
and secondary cardiovascular prevention. Laboratory 
medicine should support diabetes eare with an inte- 
grated package bf tests which, in addition to glycemic 
control, enable assessment and monitoring of the risk 
of miorovasoular oomplicatione ae well ea cardiovascu- 
lar disease, Clin Chem Lab Med 2003: 41<9):1266-1278 

Key words: Type 2 diabetes mellitua; Obesity; Cardio- 
vascular disease; Metabolic syndrome. 

Abbreviations: MB, advanced glycosylatlon endprod- 
ucte; apoE, epolipoprotein E; ARIC, Atherosclerosis in 
Communities Study; ATPIII, National Cholesterol Edit 
cation Program: Adult Treatment Panel III; CMD, coro- s 

nary heart disease; CPT-1, carnitine palmitoyl trene- 
ferase-1; CRR C-reactive protein; DCCT, Diabetes 
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Control and Complications Trial; FFA, free fatty acids; 
GLUT, glucose transporter; HDL, high-density lipopro- 
tein; HNF. hepatocyte nuclear factor; IFG, impaired fast- 
ing glucose; IGT, Impaired glucose tolerance; IL-6, 
interleukin-6; lRS r ineulin receptor substrate; LDL 7 low- 
density lipoprotein; LPL lipoprotein lipase; MAPK, mi- 
togen-actlvated protein Kinase; Ml, myocardial Infarc- 
tion; MODY, maturity onset diabetes of the young; 
IMFkB, nuclear factor-KB; OGTT, oral glucose tolerance 
test; OR, odds ratio; PAI-1, plasminogen activator in- 
hibitor-1; Pl$-kinaee, phoephoinoeitol 3-kinase; PXC, 
protein kinase C; POCX point-of-care testing; PPAR-y, 
peroxisome profiferator-activated receptor-?; RAGE, re- 
ceptor for advanced glycoeylstion endproducts; ROS, 
reactive oxygen species; T1D, type 1 diabetes: T2D. 
type 2 diabetes; TNF-a, tumor necrosis factor-a; tPA, 
tissue-type plasminogen activator antigen; UKPDS, UK 
Prospective Diabetes Study; VLDL very-low-density 
lipoprotein; vWF, von Wlllebrand factor. 



Introduction 

Diabetes mellitus is a heterogeneous disorder of fuel 
metabolism, which in the short-term may lead to dra- 
matic metabolic and olinioal decompensation/ and in 
the long-term results in vascular complications. Dia- 
betes has been defined as 'a lifestyle disorder with the 
highest prevalence aeon in populatione that have a 
heightened genetic susceptibility (where) environmen- 
tal factors associated with lifestyle unmask the disease' 
(1>. 

The two main forms of diabetes are type 1 diabetes 
(T1 D) and type 2 diabetes (T2D), with approximately 10 
time© more patients with T2D compared to T1 D. T1 D is 
caused by the autoimmune destruction of Insulin se- 
creting (3-cells of the pancreatic islets (2), end T2D de- 
velops as a result of a combination of insulin resistance 
and deteriorating P-cell function. Cardiovascular dis- 
ease is the most prevalent complication of diabetes 
and ic the main cause of death among people with dia- 
betes (3,4). 

Prevalence of diabetes is increasing worldwide/ al- 
though the rates of increase differ very much between 
populations (1). T2D affects approximately 8% of the 
population of the USA (5), and in 1995 its worldwide 
prevalence was approximately 4% (6). Worryingly, it 
recently became to appear with greater frequency in 
adolescents (7, 9). Presently about 150 million people 
worldwide have diabetes, and thie.ie likely to Increase 
to 200 million by the year 2010 (9). The size of the prob- 
lem and its relation to nutrition end lifestyle take the ie- 
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sue outside the realm of health oare afone; its societal 
implications need to be seen together with develop- 
ment of new Therapies (2, 8, 10). This article will focfus 
on type 2 diabetes end, in particular, on ite linke with 
obesity as its antecedent, and cardiovascular disease 
as its major complication. 



The Genetics of Type 2 Diabetes 

There is a significant genetic component to T2D. First 
degree relatives of Individuals with T2D have nearly 
threefold increased lifetime risk of developing the die- 
ease. Although the concordance rate is high In T2D, 
there Is no consistent Inheritance pattern (2, 11, 12). 
There ie a genetic form of T2D, the maturity onset dia- 
betes of the young (MODY) but it affects only a small 
minority of patients with T2D. MODY results from mu- 
tation of at least six different genee: glucokineee 
IM0DY21, hepatocyte nuclear factor HNF-4a IMODYD. 
HNF-1a {MODY3}, Insulin promoter factor {/PF-1), 
HNF-1cl and p-cell transcription factor neuroDl (also 
called BETA2) (10. 11). A mitochondrial DNA mutation 
leads to Impaired oxidative phosphorylation and to 
'mitochondrial diabetes' (2, 11). The influence of other 
genes can also alter metabolism: this includes genes 
encoding the insulin receptor, GLUT4 glucose trans- 
porter, hexokinase II enzyme,* insulin (/A/S), sulfonyl- 
urea receptor-KSl/nM gene), insulin receptor sub- 
strates (IRS-1), a membrane protein that Inhibits the 
autophoephorylation of ineuMn receptor (PC-7 gone), 
and finally the glycogen synthase (11). The NIIDDM1 lo- 
ots on chromosome 2 Identified as a result of the 
genome-wide soan resulted in subsequent identifica- 
tion of the calpain-10 (calcium-activated neutral pro- 
tease) diabetes susceptibility gene (13). 

Genes associated with insulin resistance ere the 
LMNA encoding for laminin type A and C and also 
mutations In the gene encoding the peroxisome prollf- 
eretor-aotivated receptor-7 (PPAR-?). An amino acid 
polymorphism (Pro12Ala) in PPAR-? has also been as- 
sociated, albeit Inconsistently/ with T2D (11). Candidate 
genee potentially likely to elucidate links between dia- 
betes and cardiovascular disease (14) are those coding 
for, among others, lipoprotein lipase (LPL), epolipopro- 
tein E (apoE), epoCIII, cholesteryl ester transfer protein, 
fatty acid synthase and carnitine palmitoyl transferase- 
1 (CPT-1). However, In the vast majority of T2D cases 
the genetic baeie ie not identifiable. The thrifty gene hy- 
pothesis was invoked to explain the differing incidence 
rates of T2D in various populations (1). 



The Prediabetic Continuum; Obesity, Glucose 
Intolerance and the Metabolic Syndrome 

Similarly to diabetes, the incidence of obesity has been 
increasing. An alarm has been raised concerning this 
yet another epidemic, with a particular concern about 
obesity in teenagers (10). The significance of obesity is 
thot it is assooiated with en increased risk of a range of 



ohronio disorders: most importantly it is a major an- 
tecedent of diabetes mallitus, and it is associated with 
cardiovascular disease, it is also more frequent in dys- 
lipldemia and hypertension. It leads to insulin resis- 
tance with an increased plasma insulin concentration 
(13, 16). It is strongly associated with prediabetic state, 
defined as either impaired fasting glucose (IFG) or im- 
paired glucose tolerance (IGT). These in turn may tran- 
sition to diabetes (17). With regard to cardiovascular 
disease, the Framing ham Study, showed that the inci- 
dence of cardiovascular disorders increases with in- 
creasing weight (18). The disease burden associated 
with obesity extends to disorders such as gel I stones 
and osteoarthritis (19). 

Obesity and prediabetic state (or diabetes) may pre- 
sent aa a component of a heterogeneous entity defined 
as the metabolic syndrome (17. 20-23) where they 
combine with dysiipidemia and increased arterial 
blood pressure (24, 26). Contribution of each of these 
components to the metabolic syndrome differs in indi- 
vidual cases, and this heterogeneity had been empha- 
sized in both ite WHO (20) and Adult Treatment Panel III 
(ATP III) (21) definitions (Figure 1). The key question is 
whether the syndrome Is 8 separate clinical entity or 
eimply a cluster of independent processes. Recent fac- 
tor analysis in persons with metabolic syndrome who 
developed diabetes, suggests that the syndrome is an 
independent cluster (26), Whatever the esse/ the n?eta- 
bolic syndrome is a stage where several risk factors for 
vascular damage operate at a high level of intensity. It 
signifies to the clinician that the combination of poten- 
tially harmful metabolic factors reached critical level 
beyond which the damage to the large arteries acceler- 
ates. 

In diabetes the risk of coronary events increases 
twofold in men and fourfold in women, compared to 
non-diabetic individuals (27). In fact, the risk of a car- 
diovascular event in a person with diabetes seems to 
be similar to the risk of recurrence of en event in a pa- 
tient with already present coronary disease (which is 
considerably higher than the risk of a first event) (28), 
although not all data confirm this (29). Associations be- 
tween diabetes and cardiovascular disease had been 
long known, and they led to the development of the 
'common soil' hypothesis (30). The idea of common 
mechanisms has also been the basis for the develop- 
ment of the concept ofdlabeslty (obesity-associated di- 
abetes); this concept posits inflammation as the major 
common denominator between the two conditions, 
with the dominant role played by the Innate immune 
system (31, 32). Another fundamentally important fact 
ie that the entire sequence obesity-mete bolie-syn- 
drome-T2D, and to an extent cardiovascular disease, 
may be prevented, or their progress delayed, by similar 
lifestyle interventions: weight reduction, diet and in- 
creased physical activity (33). 

Indeed, in middle-aged persons with glucose intoler- 
ance, intervention based on weight reduction, reduc- 
tion of fat intake, increase in fiber intake and increase in 
physical activity, resulted over 3.2 yeors in 56% reduc- 
tion of the risk of developing diabetes (34). In another 
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Mettbofloayndrometthe WHO definition 

impaired glucose tolerance or diabetes end/or Insulin resistance 
plus two of the following: 
Blood pressure > 100/90 mm Mg; 

Plasma triglycerides above 1.7 mmoi/i (> 149 mg/dl) ana/or HDL-choiesteroi below 0.9 mmoi/i «35 mg/dl) in men 
or below 1 mmol/l i<39 ma/dl) in women; 

Control obesity: In men waist* to-htp ratio greater than 0.90, and In women greater than 0.65/ and /or BMI greater than 20 kg/m a ; 

Microalbuminuria: Urinary albumin excretion rate equal to, or above, 20 ug/min or albumin/creatinine ratio equal to, or above, 
20 mfl/g. 



Metabolic syndroms: the ATP 111 definition 
Any three of the following: 

Fasting glucose equal to or greater than than 6.1 mmol/I (^110 mg/dl); 
Blood pressure equal to. or higher than, 130/65 mm Ho; 

Plasma triglycerides abavs 1.71 mmol/l Is- 150 mg/dl); 

HDL-choleaterol below 1.0 mmol/l t<40 mg/dl) in men, or below 1,3 mmol/l (<= 50 mg/dl) in woman; 

Central obesity: In men waist circumference greater than 102 cm {>40 in), in women greater than 88 cm (>35 in). 



Figure 1 Definition of the metabolic syndrome according to 
the WHO (20) and the Notional Cholesterol Program Expert 
Panel on Detection, Evaluation and Treatment of High Blood 
Cholesterol in AduKa (Adult Treatment Pond III; ATP III) (51). 



Note that both definitions emphasize heterogeneity of the 
■syndrome and too many possible permutations, ATP III guide- 
lines set the cut-off level of HDUcholesterol higher than WHO 
onoe. The out-off point for blood preeeure valued ib eet tower. 



study involving persons at high risk of developing dia- 
betes/ an Intervention lasting 2.8 years based on 
lifestyle ohangee (weight reduction and increase in the 
physical activity), or treatment with metformin, re- 
duced the Incidence of diabetes by 58% in the lifestyle 
groap, and by 31% in the metformin group, compared 
with placebo (5). 



Vascular Complications of Diabetes 

Diabetes as a olinioal entity ie defined by the risk, or the 
presence, of microvascular complications. Diabetic mi- 
croangiopathy is specific to The disease and leads to 
kidney failure end blindness, and also oontributec to 
neuropathy and foot ulceration. In contrast to this, ath- 
erosclerosis Is not specific to diabetes* Further, while 
microangiopathy ie the consequence (and indeed a 
part) of existing diabetes, clinical manifestetions of 
microvascular disease might either precede, follow or 
ooourin perellelwith any degree of glucose intolerance. 

The current view of the microvascular complications 
of diabetes emphasizes the toxicity of glucose (gluco- 
toxicity) and of lipid-related substrates (lipotoxichy), in 
particularthe derivatives long-chain acyl-CoA (35-39K 
Presently considered mechanisms of microvascular 
complications include glycoxidation and the formation 
of the advanced gfycosylation endproducts (AGE) 
(40-42), associated with carbonyl (42, 43) and oxidative 
atreee (40-46). Other proposed mechanisms are the in- 
creased flux through polyol and hexosamine pathways, 
and activation of protein kinase C (PKC) isoforms, 



which affects cellular signaling systems and, through 
this, synthesis of growth factors and operation of ion 
channels (for review see ref. 41). Atherosclerosis is to a 
large extent driven by the cytoklne/growth factor cross- 
talk between endothelial cells, macrophages and vas- 
oular smooth muscle cells (47-49), It is initiated by en- 
dothelial dysfunction in which a particularly important 
role is played by the nitric oxide (50) (the bioavailability 
of NO is impaired by the superoxide radical). Formation 
of atherosclerotic plaque is associated with lipid depo- 
sition in the vascular wall, and atherosclerosis pro- 
gresses on the background of oxidative processes, low- 
grade inflammation and remodeling of the structure of 
the vascular wall. Inflammatory reaction in the athero- 
sclerotic plaque is also a major determinant of plaque 
rupture, which Is the direct cause of cardiac catastro* 
phes. 



Signaling Pathways in Diabetes 

Progress in research into insulin signaling not only pro- 
vided insight into insulin action, glucose transport and 
insulin secretion, but also revealed the existence of 
multifunctional signaling pathways which operate In 
diabetes and cardiovascular dieeeae. 

The first event in the insulin action is its binding to 
the a-subunlt of the membrane receptor (51). This acti- 
vates the 0-eubun'rt tyrosine kinase and leads to tyro- 
sine autophosphorylation. The receptor also phos- 
phorylaies a range of other substrates such as four 
proteins belonging to the IRS family, and proteins dee- 
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ignated She, Gab-1 pSOdok Cbl and APS (51). Subse- 
quently, other adaptor molecules dock on these and in 
turn activate G-proteins. Tyrosine phosphorylation of 
IRS proteins and/or She-interaction with adapter mole- 
cules read to the activation of Ras-(mitO0en-activated 
protein kinase) MAPK pathway. The IRS proteins Inter- 
act with phosphoinositol signaling casoadee, which in- 
volve phospho!nosltol-3-(Pl3)-kinase and generate 
phoaphoinoaitol phosphates. Pl3-phosphates regulate 
further signaling molecules: senne/threonine protein 
kinases (such as Ala), tyrosine kinases and the guanine 
nuclootide-exchange proteins (39, 51, 52)* Insulin-de- 
pendent glucose entry into cells ie mediated byglucoee 
transporters, In particular GLUT4 which controls glu- 
coee uptake in the skeletal muscle and adipocytes. In- 
sulin stimulates exacyroais of GLUT* molecules to the 
surface of The cell membrane (53, 54). Recruitment of 
the transporter to the plasma membrane requires In- 
sulin binding to its receptor; tyrosine phosphorylation 
of IRS-1, phosphoinosltol signaling and PI3-kinase acti- 
vation. A simplified scheme of the insulin signaling 
systems is shown in Figure 2. 

Insulin secretion Is Initiated by a sequence of events 
where glucose metabolism in the p-cella produces ATP, 
and the increased ATP/ADP ratio closes the ATP-senei- 
tlve K+ channel (K ATP ). This depolarizes the cell and 



opens the voltage-dependent L-type calcium channel. 
The entry of ca lei u m ions eti m u latee the fi rst ph aae of in- 
sulln secretion. The second, more prolonged phase 
probably requires an increase in the concentration of the 
cytosolic long-chain aoetyl-CoA moleoules, ATP or GTP, 
and also the involvement of diacvlolycerol and PKC (55), 
Metabolites, cytokines and growth factors exert 
tnany of their effects by influencing signaling cascades. 
Proteins participating in the signaling cascades are of- 
ten able to transduce multiple signals; for Instance, The 
activation of Akt kinase by insulin prevents endothelial 
cell apoprosis Induced by tumor necrosis factor-a 
(TNF-a) (56). In particular, the interference of the reac- 
tive oxygen species (ROS) and inflammatory media- 
tors In The operation of signaling cascades is important 
in the development of microvascular complications of 
diabetes and cardiovascular disease. 

Adipose Tissue and Lipid Transport in Diabetes 

Adipoee tissue is en active endocrine organ. Hormone- 
like substances - adipokines - leptin, adiponectin and 
resistin, and growth factors such as vascular endothe- 
lial growth faotor (VEGF) r as well as pro-inflammatory 
cytokines (TNF-a ar*d interleukin-6 (IU6)) are all genor- 
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Figure 2 A simplified scheme of insulin signaling pathways, 
insulin binds to the a-subunit of its membrane receptor and 
the binding aiimulateo the outophosphorylatfon of the p-aub- 
unrt, and subsequently d range of substrates including the in- 
sulin receptor eubetrate (IRS) family and alao Cbl, Gab-1 end 
She proteins* Then the adaptor molecules such as Grb2 dock 
on theae and activate Q-protcina. These events In turn lead 
to the activation of the mrtogen-ectivated kinase pathway 



(MAPK). Phosphoryloted IRS-1 activates the phospnolnoslt- 
ol-3 (PI-3) kinase which generates phoephoinoeitol phos- 
phates. These interact with serine/threonine protein kinases 
(including Akt kinase), tyrosine kinases and guanine nu- 
cleotide exchange proteins. Tnese signals eventually effect 
glucose transport (the GLLTT4 transporter), gene expression 
and a broad spectrum of metabolic actions. 
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ated by the adipocytes (54), Leptln regulates food In- 
take arid energy expenditure, and also has neuroen- 
docrine function (57). Inefficient leptin action leads to 
hyperphagia, decreased fax oxidation, Increased tissue 
triglycerides and insulin resistance: this translates into 
obesity and T2D. On the other hand, leptin treatment of 
normal animals causes hypophagia, leads to increased 
fat oxidation, depletion of tissue triglycerides end to in- 
creased insulin sensitivity. 

Another adipokine, adiponectin, is specific to the 
adipose tissue. In non-diabetic persons plasma adi- 
ponectin concentration correlates with insulin sensitiv- 
ity, measured either by the euglycemic-hyperinsuline- 
mic clamp or by the oral glucose tolerance test (OGTT) 

(55) . Adiponectin concentrations correlated positively 
with high-density lipoprotein (HDL) -cholesterol and in- 
versely with triglycerides and free fatty acids (FFA) con- 
centration at 120-minute sampling time during OGTT 

(56) . Adiponectin has an insulin-sensitizing effect: it de- 
creased glucose and FFA levels without affecting in- 
sulin concentration (59-61). In Pima Indians, adiponec- 
tin increased insulin sensitivity and was associated 
with a decrease of the risk of T2D (62). Adiponectin con- 
centration decreases in insulin resistance while TNF-ct 
and resistin concentrations increase. An example of 
the interference of adipocyte-generated signals in in- 
sulin signaling cascades is, for instance, the fact that 
adipocyte expression of TNF-o leads to serine phos- 



phorylation of IRS-1, which In turn causes reduced In- 
sulin receptor kinase activity (63). 

Hormonal activity of adipocytes is also associated 
with the ectopic presence of fat In muscle and liver Ele- 
vation of FFA and very-low-denerty-lipoprotein (VLDL) in 
plasma causes fat accumulation in myocytes: intramy- 
ocellular lipid increases within 5 hours of the Infusion of 
intra lipid (84). Hyperglycemia expends the cytoplasmic 
pool of long-chain acyl-CoA through elevatino malonyl- 
CoA concentration and the consequent suppression of 
CPT-1 (38). Fatty acids affect several important oellular 
events: they regulate gene transcription, uncouple ox- 
idative phosphorylation, stimulate generation of ROS 
and activate signaling cascades involving the nuclear 
factOMcB (IMFkB) transcription factor (38. 44). Elevated 
FFA are also associated with the reduction of Insulin- 
stimulated IRS-1 phosphorylation and IRS-1-assooiated 
PI3-kinase activity (65). The triglyceride content of mus- 
cle is inversely related to insulin sensitivity (66). 

Insulin resistance and diabetes have a major effect 
on the transport of metabolic fuels between tissues by 
lipoprotein particles. Insulin resistance may result in 
dyslipidemia in persons with normal gluoose tolerance 
as well as in those with IGT and T2D (67, 68). However, 
diabetic dyslipidemia usually does not involve high 
low-density lipoprotein (LDLj concentrations. In T2D 
the prevalence or increased LDL-choiesteror is not 
greater than in non-diabetic population. On the other 
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Figure 3 The central role of the lipoprotein ruei transport 
pathway in the fuel metabolism. Froo fatty acids (FFA) are 
transported from the liver as triglycerides incorporated intox 
the veiy-low-deneity lipoprotein (VLDL) particles. Lipoprotein 
lipase (LPL) hydrolyzes VLDL triglycerides at the periphery 
yielding FFA again. During the prooees, VLDL decrease in arze, 
generating remnant particles. The remnants are atherogenic. 
A proportion of remnants transform further, forming LDL. The 
fuel transport pathway is a high-turnover oath, which handles 
large number of panicles. The low-density lipoprotein (LDL) 



Arterial wall 



metabolism (trie overflow painway) Is, In relative terms, a low 
turnover path. Note that there is component exchange be- 
tween trigiycerlde-rlch particles In the fuel Transport painway 
and the high-density lipoprotein (HDL), which participate in 
the reverse cholesterol transport. Cholesterol esters and 
epoproteins ?ro transferred from HDL to triglyceride- rich par- 
ticles in exchange for triglycerides. For clarity, chylomicron 
metabolism has been omitted from the Figure. Size and thiok- 
ness of the arrows ere not proportional to particle numbers. 
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hend, the low HDL concentration and high concentra- 
tion of triglycerides in serum are about twice as preva- 
lent In T2D as they are in non-diabetic individuals (3). 

Triglycerides are distributed to tissues through- the 
VLDL-remnant particles pathway, also oalied the fuel 
transport pathway (69-71). in this pathway, triglyceride- 
rich VLDLs, end aleo chylomicrons (when present), un- 
dergo lipofysis by the LPL, yielding remnant particles 
(Figure 3). This high-turnover pathway operates at 
about one tenth of the concentration of LDL in plasma. 
The particles In the fuel transport pathway exchange 
apoproteins, cholesterol esters and triglycerides with 
HDL at different stages of maturation. Remnant particles 
. generated as a result of transfer of fatty acids from 
lipoprotein triglycerides totlssues bytne LPL are athero- 
genic (72). In obesity, metabolic syndrome and diabetes 
the fuel transport pathway is overloaded due either to 
the excess production of VLDL or The low LPL activity. 
The outoome is an inorease in the concentration of 
triglyceride-rich particles in plasma (however, increased 
flux through the fuel transport pathway may generate 
increased numbers of atherogenic remnants with little 
change in their plasma concentration). In addition/ 
changes in the activity of the fuel transport pathway re- 
sulting in hypertriglyceridemia promote formation of 
smaller and denser, mora atherogenic LDL particles (73), 
It is unfortunate That, in spite of the metabolic impor- 
tance of the fuel transport pathway, the only routinely 
applied measurement of its activity - plasma triglyc- 
erides - only crudely assesses several populations of 
triglyceride-rioh lipoproteins present there. Thus, it is 
not entirely surprising that it has been difficult to 
unequivocally associate triglyceride concentration 
with cardiovascular risk- Recently introduced methode 
which measure triglyceride-rich particles provide a bet- 
ter insight into the operation of the fuel transport path- 
way, but they are not yet part of the routine laboratory 
practice (74 75). 



Hyperglycemia and Oxidative Stress 

The excess of glucoee and glucose metabolites in the 
extracellular fluid and in ceils is the main factor deter- 
mining the development of the vascular complications 
of diabetes. Hyperglycemia leadB to the formation of 
glucose adducts with proteins, the AGE (40-42). AGE 
bind to their membrane receptor (RAGE) (76), and 
subsequently generate mediators such as TNF-a, 
IL-1-P, IL-6 (77) and vascular cell adhesion molecule-1 
(VCAM-1) (78, 78). There is substantial evidence that 
AGE contribute to the development of atherosclerosis 
(80, 81 ). They were found in atheroma-like lesions (81), 
and the treatment with the soluble domain of RAGE 
completely suppressed atherosclerosis in apoE-defi- 
cient (streptozotocin) diabetic mice (82). Also, AGE 
elicit inflammatory response (83), and activate imFkB 
(84). Interestingly, inflammatory response wee also 
elicited by dietary AGE; in a study involving 13 patients, 
serum C-reactive protein (CRP) concentration In- 
creased by 36% on high-AGE diet (85). 



Another aspect of glucotoxicity, also associated with 
AGE formation/ is the contribution of glucose to oxida- 
tive processes. Glucose may undergo autooxidatiori 
yielding ROS and intracellular precursors of AGE (46). 
Also, hyperglycemia alters the redox state by increas- 
ing the IMADH/NAD+ ratio and decreasing NADPH/ 
NADP. This In turn causes an Increase in the flux 
^ through the polyol end hexosamine pathways. The 
high rata of ROS generation anchor low I eve fa of an- 
tioxidants create oxidative stress f42j 45), which dam- 
ages moleoules and activates a number of signaling 
pathways. ROS activate PKC and IVfFxB (86). Hyper- 
glycemia Itself activates Ras-MAPK cascade and NFicB 
pathway (87). PKC and IMFrcB can also be activated by 
FFA (38). importantly, normalizing mitochondrial ROS 
prevent glucose-Induced activation of PKC, formation 
of AGE and activation of NFicB (88). Such data led to the 
development of an attractive hypothesis, which sug- 
gests that ROS production by the mitochondrial elec- 
tron transport chain is the unifying mechanism of dia- 
betic complications (44). Accordingly, hyperglycemia, 
by affecting the amount of proton donors within the 
cell, would increase electrochemical potential differ- 
ence across the inner mitochondrial' membrane (89) 
and thus lead to an Increased production of superoxide 
and the activation of signaling pathways, imparting in- 
sulin resistance and damaging insulin secretion. 

4 

t 

inflammation and Hyparcoagulable State in Diabetes 
and Cardiovascular Disease 

Inflammation includes a range of phenomena such as 
cell-cell attraction, cell adhesion and cell activation. 
The main purpose of inflammatory reaction is to attract 
leukocytes and soluble mediators of immunity to the 
sites of infection (90). In atherosclerosis, Inflammatory 
phenomena include adhesion of monocytes to en- 
dothelial surface, transmigration of cellular elements 
and lipids, and their deposition and activation In the ar- 
terial intima. The key role in inflammation ie played by 
NFkB, which affects the inflammatory response and 
a po ptosis through gene activation, and also influences 
adhesion molecules, endothelium-dependent vasodi- 
latation and, through the transcription of tissue factor, 
thrombotic phenomena (91). 

Low-grade inflammation is present in obesity, meta- 
bolic syndrome and diabetes (92-94). In obese per- 
sons, ond particularly in those who are Insulin resistant, 
the expression of TNF and IL-6 increases (96), Particu- 
larly interesting Is that the deterioration of carbohy- 
drate intolerance appears to accelerate on the back- 
ground of low-grade inflammation, leading to the 
higher rate of transition to diabetes. In WOSCOPS, a 
trial of lipid-lowering treatment using pravastatin, the 
CRP concentration predicted the development of dia- 
betes at 5 years (odds ratio (OR) 1 .30) (96). In individuals 
whose CRP concentration was in the highest quintile, 
OR for the development of T2D was as High as 3.07. CRP 
also predicted the development of diabetes in the 
Women's Health Study (97). In the Atherosclerosis in 
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Communities Study (ARIC) study, Involving 12,330 men 
and women followed up for 7 years, the white pell count 
and fibrinogen concentration also predicted transition 
to diabetes, with the highest quartlle OR being 1.9 end 
1.2, respectively (98). 

Pre-diabetes and diabetes are also characterized by a 
hypercoagutable state. The concentration of fibrino- 
gen, factor VII* von Willebrand faotor (vWF) and the 
markers of decreased fibrinolysis such as plasminogen 
activator inhlbltor-1 (PAl-1) anxigen, or tissue-type plas- 
minogen activator (tPA) antigen are all affected. The 
Framingham Offspring Study, demonstrated associa- 
tions between fasting insulin concentration and PAM 
antigen, tPA antigen, factor VII antigen, VWF antigen 
fibrinogen and viscosity In men and women with nor- 
mal glucose tolerance. This extended to glucose Intol- 
erance: among tho9e with IGT or IFG, PAI-1 and tPA 
antigens were associated with hypsrinsulinemia (99). 
In the Insulin Resistance Atherosclerosis Study (100), 
increased rate of oonvereion to T2D wae associated 
with increased CRP as well as PAI-1 and fibrinogen (the 
laner of borderline significance). 



Low-grade Inflammation Is also present in cardio- 
vascular dieeaee. There is large body of evidence 
demonstrating that the small increase in the CRP con- 
centration predicts cardiovascular events (for review 
eee ref. 101). This predictive ability ie independent of 
the concentration of total cholesterol and the total cho- 
lesterol to HDL-cholesterol ratio (71, 102, 103). 

To put ell the piecee of this complex puzzle together, 
it seems that the development of low-grade inflamma- 
tion is enabled by the changed pattern of fuel (carbo- 
hydrate and fat) metabolism, which generates excess 
of 'toxic' metabolites such as glucose and FFA. The 
chain of events would lead from higher load of 'toxic' 
metabolites to changes in the redox state, consequent 
oxidative stress and ROS-mediated effects on signal- 
ing cascades. The latter would stimulate inflammatory 
response but also, because of multifunctional nature of 
signaling cascades, would further affect insulin action 
and enhance insulin resistance. The relationships be- 
tween obesity diabetes and atherosclerosis are illus- 
trated in Figure 4. 
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Figure 4 Relationships between obesity, die bates and etho- 

rosclerosis. Blue panels: Increased food intake and/or de- 
creased physical activity, aided by adipocyte signaling/ 
change metabolite flux through tha pathways of carbohydrate^ 
and fat metabolism. This generates excess of glucose end 
fatty acid derivatives resulting in metabolite toxicity (gluco- 
toxlcfty and llpotoxicity), in part caused by the generation of 
reactive oxygen tpecios (ROS). Subsequent changes include 
modification of structural proteins and interference with ceil 
signaling systems (green panels). Please note the bi-direc- 
tional Interactions between metabolites end signaling sys- 



tems. Slack panels: Atherogenasis is accelerated by signals 
generated by the changed fuel metabolism as well as by ex- 
ternal rick factors independent of energy metabolism, such 35 
cigarette smoWng. The rlsk-factor-lnduced endotneiiai dys- 
function initiates oroee-talk between endothelium, vascular 
smooth muscle ceils (VSMCj and macrophages. Red panels; 
Inflammatory response develops as a result of dysfunctional 
fuel metabolism and impaired endothelial function, and Is a 
major contributor to the formation of the atherosclerotic 
plague and its rupture. 
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Treatment of Diabetes and the Prevention of 
Long-Term Complications 

Increasing awareness of the relationships between 
obesity, diabetes and cardiovascular disease, alf to an 
extent mediated by changes In the fuel metabolism/ in* 
fluences the approach to the treatment of diabetes. 
Perhaps the single most important conceptual change 
in the last decade has been the broadening of approach 
to diabetes from that focused exclusively on the con- 
trol of glycemiatothe recognition of the importance of 
the parallel management of cardiovascular risk factors. 

The maintenance of good glyoemio control hee been 
long-recognized as fundamental for the care of dia- 
betes (104). Two major trials, Diabetes Control and 
Complications Trial (DCCT) and UK Prospective Dia- 
betes Study '(UKPDS) have confirmed the long-held 
view that microvascular complications are associated 
with the level of glycemia. The DCCT (105), which in- 
volved T1D patients, and the UKPDS (106, 107) in T2D 
individuals, demonstrated that maintaining good dia- 
betic control decreases the incidence of diabetic com- 
plications (708). However, the results of both trials 
eeem to indicate that the level of glycemia is not a ma- 
jor determinant of atherosclerotic disease. The UKPDS 
showed a relatively small, 16% decrease in the inci- 
dence of myocardial infarction (Ml) (p 0.052) with 
HbA 1e decreasing from a mean of 7.9 to 7.0% (106). 
Stiff, a correlation was observed between HbA l0 and 
the risk of cardiovascular death (108). Recently, the fol- 
low-up to the DCCT. the Epidemiology of Diabetes In- 
terventions and Complications Ttlal (EDIC), demon- 
strated that the rate of increase of intima-media 
thickness after 6 years was lower in patients who were 
intensively treated during DCCT (109). The increasing 
thickness was also associated with age, baseline sys- 
tolic blood pressure, smoking, LDL to HDL-choleeterol 
ratio, urinary albumin excretion and the mean glycated 
hemoglobin value observed during DCCT. 

Treatment of cardiovascular risk factors improves 
cardiovascular outcomes in diabetes. Also, the treat- 
ment of hypertension in diabetes with ACE-inhibitors 
and angiotensin receptor antagonists decreases pro- 
gression of dlsbetlc nephropathy (110) In the UKPDS, 
each 10 mm Hg decrease in mean systolic blood pres- 
sure was associated with a 12% reduction of complica- 
tions related to diabetes, an 1 1% reduction in Ml, a 13% 
reduction in microvascular complications, and a 15% 
decrease in diabetes mortality (27). Further, there were 
risk reductions In the group assigned to tight blood 
pressure control (144/62 mm Hg) compared with that 
assigned to less tight control (154/87 mm Hg). There 
was a 32% reduction In deaths related to diabetes, 44% 
in stroke and 37% in microvascular end points (111). 

Lipid-lowering trials demonstrate that the benefit of 
lowering lipids using HMG-CoA reductase Inhibitors 
(statins) in diabetes are the same, if not higher, than in 
non-diabetic populations (112) Therefore, the target 
values for risk factor management are stricter in the di- 
abetic patients than in non-diabetic individuals* Ac- 
cording to the American Diabetes Association (ADA) 



(27) and the JIMC7 Report (110) the recommended treat- 
ment goal for diabetic patients is the blood pressure 
below 120/80 mm Hg, while the general tanget remains 
below 140/90 mm Hg, The recent recommendation of 
the ATP Hi of the National Cholesterol Education Pro- 
gram considered diabetes a 'CHD risk equivalent', au- 
tomatically conferring a high coronary heart disease 
S (CHD) risk status on individuals with this disease (21). 
This translates into the need for a more intensive man- 
agement: for instance the initiation of lifestyle mea- 
sures in diabetes is recommended at the lower LDL 
level (above 99 mg/dl; 2.6 mmol/I) than in non-diabetic 
individuals with multiple CHD risk factors (above 
129 mg/dl; 3.4 mmol/I) (see ref. 113 for more detailed 
discussion). 

Apart from clinical studies that focus on a single risk 
factor, there is also emerging evidence that multifac- 
torial Intervention, extending beyond maintenance of 
glycemic control, is particularly effective in the preven- 
tion of the long-term complications. The recent exam- 
ple or such Intervention in T2D is the Steno-2 study 
conducted in Denmark, which involved 100 patients 
with T2D and microalbuminuria (11 A), This random- 
ized, controlled trial compared standard clinical man- 
agement with an intensive target-driven management 
of hyperglycemia, hypertension, dyslipidemia and mi- 
croalbuminuria, and behavior modification including 
smoking oeesation and exercise program. The parents 
were treated with ACE inhibitors, vitamin supple- 
ments, aspirin, metformin and gllclazide, and Insulin 
when required. Hypertension was treated with ACE-in- 
hibitors or angiotensin II receptor antagonists, thi- 
azides, calcium channel blockers and p-blockers. Dys- 
lipidemia was managed ueing etatiris, fib rates or the 
combination of the two. The patients were managed by 
a team of dootor, nurse and dietitian, with a 3-monthly 
consultation Gohedule throughout the study. The analy- 
sis of microvascular endpoints was conducted after 
4 years and macrovescular ones after 7.8 years. The 
primary endpoints were death from cardiovascular 
causes, non-fatal Ml, coronary artery bypass graft an- 
gioplasty, non-fatal stroke, non-traumatic amputation 
end vascular surgery. The intensive care group 
achieved greater reduction in glycated hemoglobin, to- 
tal cholesterol and triglyceride concentrations, and 
blood pressure and urinary albumin excretion. Most 
importantly, there was an impressive decrease in the 
risk of cardiovascular disease (OR = 0.47), nephropathy 
(OR = 0.39), retinopathy (OR - 0.42) and autonomio 
neuropathy (OR = 0.37). 



implications for Laboratory Medicine 

The increasingly recognized common denominators 
between obesity, diabetes and cardiovascular disease 
need to be reflected in the laboratory support for dia- 
betes care. Diagnosis of glucose intolerance and dia- 
betes, and monitoring of treatment of diabetes melli- 
tua, depend entirely on the laboratory tests. The 
spectrum of teste employed in routine diabetes oare 
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has remained relatively narrow. Comprehensive guide- 
lines on The laboratory investigations in diabetes hove 
been published recently by the National Academy of 
Clinical Biochemistry and the ADA (115, 116). 

While the measurement of plasmo glucose remains 
the only method recommended for the diagnosis of di- 
abetes and glucose intolerance, glycated hemoglobin 
testing is the key forth© monitoring of long-term con- 
trol. Tho diagnosis of diabetes and glucose intolerance 
(117, 118) and the use and standardization of HbA t 
measurements (107, 119, 120) ore discussed in detail 
elsewhere in this issue. Point-of-care testing (POCT) re- 
mains important not only as a time-efficient method or 
measuring glucose in acute situations but also a as on 
optimal monitoring tool for patients at home (121). 
Here, there is a ( need for noninvasive miniaturized ap- 
pliances to increase patients' comfort and their compli- 
ance with treatment (122, 123). Fast-turnover POCT 
measurements carried out In diabetic clinic? provide 
important instant feedback to patients. 

However, it is the tests relevant to the assessment of 
risk of long-term complications, and In particular the 
presence of, and the preventive treatments for, cardio- 
vascular disease, that have gained importance in the 
management of diabetes. The range of tests suitable to 
monitor the progress of microvascular complications 
is exceedingly narrow; in a routine practice rt is limited 
to the assessment "of renal function and to the mea- 
surement of microalbuminuria (124, 125). Where the 
assessment of the risk of cardiovascular disease is con- 
cerned, the risk factor profile currently used In the non- 
diabetic populations applies. The conventional test 
profile used for this purpose is all quite rudimentary: in 
the standard risk assessment, the rationale for which is 
root§d in the epidemiological data, only two laboratory 
variables are used: total cholesterol and HDL-choles- 
terol, while calculated LDL-cholestSrol is the parameter 
of choice for instituting and monitoring lipid-lowering 
treatment (for review see 21, 71). 

The measurement of serum triglyceride concentra- 
tion is important because it is one of the markers of the 
metabolic syndrome, and also a factor which con- 
tributes to the low HDL-concentratlon. Triglyceride 
concentration is presently the only routinely available 
measurement of*the activity of the lipoprotein fuel 
transport pathway. More specific measurements of the 
triglyceride- rich lipoproteins would provide better In- 
sight into the operation of this pathway in physiologi- 
cal and pathological conditions. Microalbuminuria is 
also a marker of cardiovascular nek (126) and should be 
assessed together with lipoprotein variables in diabetic 
patients. Finally, several new cardiovascular risk mark- 
ers have been identified in the reoent yeere (71, 126, 
127). Out of these, CRP (71, 102, 103), fibrinogen (128^ 
129), and homocysteine (130-132) attracted most at- 
tention. The statement on the use of the new cardio- 
vascular risk markers has been recently published in 
the USA (133). 

To summarize, this article hos discussed common 
mechanisms which underpin obesity, diabetes and car- 
diovascular disease. Awareness of these commonali- 



ties now affects our approach to the treatment of dia- 
betes. It is also highly relevant to loborotory medicine; 
laboratory support for diabetes care needs to be 
planned as a package which, along with tests tradition- 
ally required for diagnosis of diabetes ond monitoring 
of glyeemie control, should include measurements rel- 
evant to the assessment of the risk, and the effective- 
ness .of treatment, of the microvoscu lor complications 
and cardiovascular disease. Continuous refinement of 
this test profile poses an important challenge to labo- 
ratory medicine. 
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Abstract 

Bad&votwd Childhood oboeity, epidemic in the 
United States, has been accompanied by an increase 
in the prevalence of type 2 diabetes among children 
end adolescents. We determined the prevalence of im- 
paired glucose tolerance in a multiethnic cohort of 167 
obese children and adolescent©. 

Methods All subjects underwent a two-hour oral 
glucose-tolerance test (1.76 mg of glucose per kilo- 
gram of body weight), and glucose, insulin, and C-pep- 
tide levels were measured. Fasting levels of proinsulin 
were obtained, end the ratio of proinsulin to insulin 
was calculated. Insulin resistance was estimated by 
homeostatto model assessment, end beta-cell function 
was estimated by calculatlna the ratio between the 
changes in the insulin level and the glucose level dur- 
ing the first 30 minutes after the ingestion of glucose. 

Results Impaired glucose tolerance was detected in 
25 percent of the 55 obese children (4 to 10 years of 
age) and 21 percent of the 112 obese adolescents (11 
to 18 years of ege); silent type 2 diabetes was identi- 
fied^ 4 percent of the obese adolescents. Insulin and 
C-peptide levels were markedly elevated after the glu- 
cose-tolerance test in subjects with impaired glucose 
tolerance but not in adolescents with diabetes, who 
had a reduced ratio of the 30-minute change in the in- 
sulin level to the 30-minute ehanoe in the glucose lev- 
el. After the body-mass index had been controlled for. 
Insulin resistance was greater In the affected cohort 
and wae the best predictor of impaired glucose tol- 
erance. 

Conclusions Impaired glucose tolerance is highly 
prevalent among children and adolescents with severe 
obesity, irrespective of ethnic group. Impaired oral glu* 
oose tolerance waa associated with insulin resistance 
while beta-cell function was still relatively preserved. 
Overt type 2 diabetes wae linked to beta-cell failure. 
(N Engl J Med 2002;346:802-10.) 

Copyright ffl 2002 Massachusetts Medical Society. 



THE epidemic of childhood obesity in the 
United States has been accompanied by a 
marked increase in the frequency of type 2 
diabetes. 1 ** In adults, type 2 diabetes devel- 
ops over a long period, and most, if not all, patients 
initially have unpaired glucose tolerance, which is an 
intermediate stage in the natural history of type 2 
diabetes 8 and predicts the risk of the development of 



diabetes 4 and cardiovascular disease. 6 With appropri- 
ate change in lifestyle, progression from impaired glu- 
cose tolerance to frank diabetes can be delayed or 
prevented A 7 Thus, great emphasis lias recently been 
placed on the early detection of glucose intolerance 
in adults. 

Although severe obesity has a prominent role in 
the pathogenesis of type 2 diabetes in children and 
adolescents, 1 it is unknown whether it is' a risk factor 
for impaired glucose tolerance. We undertook a study 
to determine the prevalence of glucose intolerance in 
a multiethnic cohort of obese children and adolescents. 
Abnormal beta-cell function, as manifested by the re- 
lease of large amounts of proinsulin relative to insulin 
levels, is dearly present in patients with overt type 2 
diabetes. 8 * 9 Disproportionate hyperproinsnlinernia ia 
thought to represent an impending failure of insulin 
secretion in adults. 8 The earlier an increase in the ra- 
tio of proinsulin to insulin occurs in the predlabetic 
phase, the more likely it is that abnormal processing 
of insulin by beta cells is fundamental to the patho- 
genesis of diabetes. We therefore examined the intra- 
cellular processing of proinsulin to determine wheth- 
er alterations are present early in the development of 
glucose intolerance in obese children and adolescents. 

METHODS 

study Population' 

We recruited 55 children (4 to 10 years of age) and 112 adoles- 
cents (11 to 18 yean of age) who haa been referred to theT&le Pe- 
diatric Obesity Clinie between 1999 end 2001. Body weight was 
measured with a digital scale to the nearest 0.1 kg, and height was 
measured in triplicate with a wall-mounted etadioiucter, The body- 
mass Index < — the weight in kilograms divided lay the square of the 
height in meters — wtA calculated. All subject had ft body mass 
index thai was higher than the 95th percentile for age and sex and 
were thua classified as obese 10 Approximately 58 percent of the sub- 
jects Wttffi nOn>Hilpajiic white, £3 percent were no/a^Hifpanic blade, 
and 19 percent were Hispanic (Tiblc 1). A detailed medical and fam- 
ily history was obtained from ail subjects, and a physical exanunanon 
was performed, including staging of puberty on the basis of breast 
development in girls and genital development in bay* according 
to the criteria of Tanner" (stage 1 Indicates preadolcscent charac- 



Pnm the Department* of P«diamcc (ELS., TOOT., V.BL, S.T., G.B., S-C.) 
uidlnterrul Mediant ch* Children*! General CUnieal Beacmch Cca- 

(O.F., B.X, B.B., K^., M.8.), and the Dwiaioa of Btasauidc*, Depart 
menr of Epidemiology aod Public Health <G.E), Tale Uuivtrtity School of 
Medicine, New Haven, Conn. Addie&s reprint requests to Dr. Caprio at the 
pepartmene of Pediatrics, tele Univerary School cfMsdtdne, 333 Cedar Sc. 
P.O. Box 20&064, Mew Haven, CT 06520, OS at sonui rapripQyaiccdii. 



002 .,N Engl J Med, Vol. 346, No. 11 * March U k 2002 '.tmimrjtiejm.org 



23. .FEB. 2005. 16:1 7 



44J1 937J466492 



NO. 8301 P. 3 



IMPAIRED GLUCOSE TOLERANCE IN OPE3E CHILDREN AND APPLES OCNT8 



Table 1. Clbjicai. Cmi *r-ramsTKS Acco&DWG xp Sbx 



CUAHACTSSUTIC 



Race or ethnic group [no.) 
Non-Hispanic white 
Non-Hiapank black 

AgcM 
Range 

wVignt (kg) 

Height (cm) 

Bodytmui index 



Cmoareju (NbSS) 

MALE FEMALE 
(N=3») 



ADOLCSCGNTS 
(Nb112) 



12 
3 

6=0.3 
6-10 
62=15 
133±3 
22±8 



22 
9 
7 

7cp,3 
4-10 

133±2 
30±1 



male 

12 ' 
16 
14=03 

104±4 ' 
166±1"' 
37±1 



SEMALE 



37 
14 
7 

, 14=0,2 

n-is 

104*0-2 
*162±l 
• 34±1 



"Fins-minus value* arc anew =33- 



scristics, and sragc 6 iadicaw adult characierwriw). All subjects 
were otherwise in good health and had normal thyroid function; 
none were taking any medications. A total of 23 of the adolescent 
girk (approximately 40 percent) had hirsutism, oljgonwttorrhea, 
acne, and increased levels of total testosterone, suggesting the pres- 
ence of the polycystic ovary syndrome. The study was apprffved by 
the Institutional Review Board of the talc Univcrsiiy School of 
Medicine. Written informed consent was obtained from the ; p«r- 
enrs and oral consent ftom die children and adolescents. 

Oral Glucose-Tolerance Test 

All subjects followed a wcight-mamanance diet consisting of at 
least 250 g of carbohydrates per day for seven days before the study, 
as confirmed by the fact that body weight remained stable (meas- 
ured to the nearest 0.5 kg). Subjects woe studied in the Children^ 
Clinical Research Center at the Tfidc XTnlvcrstty School of Medicine 
at 6 a.m. after a 12-hour overnight feat. After the local application 

of a topical anesthetic Crtom containing 2,5 percent lidocune and 
2.5 pcrccm procaine (Bmh, Astra Zcncca, Wilmington, Del,), 
onelmtecubital intravenous catheter was inserted for blood sam- 
pling, and its patency was maintained by slow lnfiisipn, of normal 
JftUne. Each then rested while wwching a videotape for 30 
minutes. Two Dasc-Unc samples were then obTained for measure- 
ments of plasma glucose, insulin, C peptide, proirisulin. and lip- 
ids. Thereafter, Havered fclucose (Ottngedcx, Custom ^orato- 
ries, Baltimore) in a dose of 1.75 g per Wlogi™ body wight 
(up to a maximum of 75 g) was given orally, and blood samples 
were obtained every 30 minutes for 120 miniUCS for the meas- 
urement ofpUama glucose, insulin, and C peptide. Impaired giu- 

cose tolerance was defined, according co the American Diabetes 
Association guidelines, as a fasting plasma glucose level of less 
than 126 mg per deciliter and a two-hour plasma glucose level ot 
140 to 200 ms per deciliter* type 2 diabetes was defined as a fitt- 
ing glucose level of 126 mg per deciliter or higher or a two-hour 
plasma glucose level of more than 200 mg per deciliter." . 

Although xh* oral ^ueose-tc4erance test i* the mow s^nye 
method for detecting carry diabetes, it can result in rmsdwamca- 
tion. 13 lb determine the reproducibility of the results; wc repeat- 
ed the teat three months later in four obese children with normal 
glucose tolerance and in six obese children and adolescents^^ 
impaired glucose tolerance. 

Biochemical Analysis 

The plasma glucose level was deijcrrnincd with a glucose ana- 
lyzer (Beckrnan Iristrumcnts, Brca, Cali£), and the plasma lipid 



levels were determined by the "Yale Core Lipid Laboratory with 
an AutoAnalyzcr (model 747-200, Roche r HitachL Indian 
Plasma insulin was measured with a radioimmunoassay made by 
linco (St. Charles, Mo.) t which has less than! pcrrenr tross-rcric- 
rjvity with Opcptidc and proinsulin. Plasma C-pcpudc levels were 
determined with an assay made by Diagnostic Product (Los An- 
geles)} and total proinsulin with another racUoimmunoassay kit 
(linco), which has no cross -reactivity with insulin and a detec- 
tion limit of 0.15 pmoi. The inrraaway variation was 11 percent 
fnr insulin, 13 percent for C peptide, and 9 percent for prcunsulin, 
and the mtereSsay variation was 12 percent for insulin, 12 percent 
for C peptide, and 11 percent for proinsulin. . 

Calculation* 

To assess beta-cell fwvcuon, we used the insuluiogeoic index, cal- 
culated as the ratio of the increment in the plasma, insulin level to 

that in the plasma glucose level during the first 30 rninutcs after the 
of glucose. We found that in children and adolescents, 
the b^uWgenic index correlates well with the early insulin reap onsc 
obtained during a hypcrgrycernlc-clamp study (r=0.d&, P<0.001). 
A low insulinogenic index predicts the development of diabetes i in 

adult&l*'t7 Insulin resfeance was determined by hctfneottarJe model 
aawaarncnt" and calculated as the product of the fitting plasma 
insulin level (in mlacunits per milliliter) anrl the tasting plasma Glu- 
cose level (in millimolcs per Utcr), divided by 22,5. Lower msuhn- 

Ktd&W* values indicate a higher insulin ieniitivity, Whereas hl&hcr 
vahies indicate a lower insulin scnHuvity. The estimate obtained 
with hoincostatic model assessment (the in$ulm-resistance index) 
correlated well (r= -0.71, P<0.001) with measures of insulin rc- 
' aLstonce obtained from obese and nohobese children and adoles- 
cents with the use of the cugrycernic-hyperm^ clamp 
technique; a similar ccrolation has been reported in adults. 1 *" 

Statistical Analysis 

All values arc expressed as means ±$E- Varjablea chat were not 
normally distributed (Insulin level, Insulm-resistance indcjyproin- 
sulin level, and two-hour plasma insulin level) were tog-transformed 
for analysis. However, for clarity of interpretation, results are ex* 
pressed as unrxansformcd values. Di&rcnccs in the means of con- 
tinuous variables were tested by two-tailed t- tests, NortparaDLKtrlc 
statistics were applied in the analyses of data that had a skewed 
distribution. An analysis of covnriance was used to compare the 
• plasma levels of glucose, Insulin, C peptide, and proirisulin and the 
fnsulin-resistance index of subjects with normal glucose tolerance 
with the values for those with impaired glucose tolerance, with 
age and body-moss index as covario w», Multiple logbtic-regreasion 
analysis was used to evaluate the model with the use of two good- 
ness-of-fit tests (Proc Logistic procedure, SAS software, release 
6.10, SAS Institute, Cory, N.C.) 20 and to determine the relative 
rtsto of Impaired glucose tolerance among obese children, and ad- 
olescents. The dependent variable in multiple logistic-regreasion 
analyses was the plasma glucoce level at 120 minutes. The inde- 
pendent variables entered in the several models generated were 
age, body-mass index, fearing Insulin and proinsulin levels, two- 
hour plasma insulin level, the insulin-resistance index, and the uv 

y plit^n^T^wir index. t 

RESULTS 

r t 

Prevalence of Impaired Glucose Tolerance 
and Silent Typo 2 Diabotoe 

A total of iS percent of the children and 21 percent 
of the adolescents had impaired glucose tolerance (Ta- 
bic 2). Silent diabetes was diagnosed in tour adoles- 
cents (4 percent). Among the children and adolescents 
with impaired glucose tolerance, 5 1 percent were non- 
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Hispanic white, 30 percent were non-Hispanic bUck, 
and 19 percent were Hispanic. Four adolescents — 
two black and two Hispanic — liad diabetes. Four: 
teen girls with apparent cases of the polycystic ovary 
syndrome had normal glucose tolerance, six had im- 
paired glucose tolerance, and two had diabetes. A to- 
tal of 30 percent of the combined group of those with 
impaired glucose tolerance and those with frank di- 
abetes had a parental history of type 2 diabetes; the 
rate was 25 percent among those with normal glucose 
tolerance (P=0.54). 

More children with impaired glucose tolerance were 
girls, wkereas the numbers of boys and girla were sim- 
ilar In the groups of adolescents with impaired glucose 
tolerance. The bodymass index was higher among 
adolescents with impaired glucose roteranr^ or diabe- 
tes' than among those with normal glucose tolerance. 

Reproducibility of tha Oral GIueoeo-Telorance Test 

The mean plasma glucose levels at two hours dur- - 
ing the first oral glucosc-tolcrancc test (108±7 mg per 
deciliter for subjects with normal glucose tolerance 
and 1S2±3 mg per deciliter for those with impaired 
glucose tolerance) were similar to those obtained dur- 
ing the second oral glucose-tplcrance test in subjects 
•studied to determine the reproducibility of the results 



(107±12 mg per deciliter for subjects with, normal 
glucose tolerance and 146 ±3 mg per deciliter for 
those with impaired glucose tolerance).- Thus, the di- 
agnosis was confirmed during the second test in all 
six subjects with impaired glucose tolerance who, were 
evaluated. Three non-Hispanic black girls were fol- 
lowed for two to five years, during which rime the oral 
glucose-tolerance test was repeated several times. Sub- 
ject 1 had impaired glucose tolerance at 6 years of age, 
which persisted until 11 years of agej when diabetes 
developed. Subject 2 had normal glucose tolerance 
at 8 years of age, which then progressed to impaired 
glucose tolerance at 12 years of age and remained 
impaired thereafter. Subject 3 had impaired glucose 
tolerance at six years of age, and frank diabetes. de- 
veloped at eight years of age. , 

Glucose, Insulin, and C-Paptida Responses to an Oral 
Glueosa Challenge 

Fasting plasma glucose levels were similar in the 
children irrespective of whether their glucose tolerance 
was normal or impaired (Fig. 1), In contrast the' ad- 
olescents with impaired glucose tolexjmce had.ftgher 
fasting plasma glucose levels (90 ±1 rng pcx { deciliter 
[5.0 ±0.06 mmol per liter]) than those with normal 
glucose tolerance (82±1 mg per deciliter [4.-6 ±0.06 



TABLE 2. CLINICAL AND MBTABOUC PHBNOTYPB OF OBESE CHILDREN AND ADOLESCENTS WITH NORMAL 

Glucose Tolerance, Impaired Glucose Tolerance, or Tte 2 Diabetes.* 



Variable 



CHUOHEW (W =33) 



\m (N=H2) 





MOBMAl* 


JKMXMD 






UCTAZBZD 








QVJOOflB 


OLOCOftB 




auTcons 


olvoomi 




IltB 2 




TOLfeOAMOb 


TQLEBANOB 


V 


TOUQlAi*C8 


TOUEftAZtCS 


P 








(W-14> 


VALOb 


(w-Bfl) 


(N-2S) 


VALVB 


(«=4) 


Race or exnnle group (no.) 
















Non-Hiapante white 


25 


9 , 




53 


10* 




0' 


Noa-Hfepank black 


8 


4 ' 




17 


7 




2 ' 


HUpnnic 


S 


1 




IS 


6 




2 1 


Sex (do.) 
















Male 


IS 


2 




40 


12 




2 • 


Female 


26 


' 12"' '-' 




45 


U 




2 


Agc(yr) . 


7.S±0.3 


' S±0.S 




U±l 


16*0.4 




16 ±1 


Rang* 


4-10 


B-10 




U-18 


13-16' 




U-l'S 


Body-mws index 


3031 


322:1 


<0.05 


37±0.9 


41±1 


<0.001 


4i±s; 


Fasting insulin level (jiV/wl) 


2Q±5 


34x5 


<Q.Q01 


30x1 




^0.001 


£0a:lb 


Asring C-pcpddc level (ngytau) 2.6* =0.3 


3.220.2 


<;o.ooi 


3.6Z0.1 


4.7S0.3 


<;o.ooi 




In$ulin-rcsi$tanec indcxt 


5±0.6 


r7.2±l 


<0.001 


6.3x0.4 


13±7 


<0>001 


14+3*^ 



..VALUE 



'<0.001 
<0.001 
^0.001 

<;6.(joi 



*P[u«-mimu vduee ore xneatu xSB. All P vuluc* «*e fa th« ^ompuiooa vath the group vain normal ghicodc '^oW-aas. 
lb convert values for iruulin to picomolc* per bees, multiply by CO convert value* tor C peptide Co nanomQlcs'pter U&er, ' 
mulflply by 0.331. >',... 
"fllvc uisului-resiscsOQC index was determined fay homeostaric rrt< " >r) * >1 lueumeAt ind ^IrvWrod at the product of .tha 

luce** lvvil (in railliraolea'pez licer),' 
■whereas higher insulin-rcMsaocc vjl- ■ 



luting placma intulin Uuel (in microunits per milliliter) and the fiufeeg plmunn gUieotc level (in raillimolea per licer), 
divided by 22.fi, Lower iaralin-ieuannce value) ind&te a higher inlulia wnairivisy, -whereas lug' " " 



lies Indicate a lower insulin tensidvity. 
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Figure 1- Moan (±£E) Plasma Glucose, Insujjn. and C-Peptide Responses during the Oral Glucose-Tolerance Test vv . . 
in Obea'e Children (Panel A) and Adolescents iPan'ol B) with Normal Glucoeo Toleranoe, Impaired Glucose Toler- { 
a'nee, or Type 2 Diabetes Mellltuev '..^ , '* 

Gluooee 1 (1.76'mg per kilogram) was adminTstereei at time 0. To convert values for' glucose to' millimoles per liter. . 
multiply by 0.05551; to convert values for inaulln'to pioomoiee per liter, multiply by 6; to oonvert values for ' 
C peptide to nanomoles per liter, multiply by 0.331. • < < 
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mmol per liter], P^O.03), and adolescents with type 
2 diabetes had the highest fisting plasma glucose levels 
(118±6 rag per dedlitcr [6.6x0.33 mmol per liter], 
P<0.001). After the oral glucose-tolerance test, plas- 
ma glucose levels were higher in both children and 
adolescents with impaired glucose tolerance than in 
those with normal glucose tolerance and highest in 
subjects with frank diabetes (P<0.001). Fasting plas- 
ma insulin and C-peptide levels (Tabic 2) were higher 
in both children and adolescents with impaired glu- 
cose tolerance or diabetes than in subjects with normal 
glucose tolerance, even after adjustment for differenc- 
es in the body-mass index. Similarly, the plasma in- 
sulin and C-peptide responses to oral glucose-toler- 
ance testing were dramatically elevated in children and 
adolescents with impaired glucose tolerance as com- 
pared with the responses in those with normal glucose 
tolerance. In contrast, adolescents with silent diabetes 
had insulin and C-pcptide responses similar to the re- 
sponses in those with normal glucose tolerance. 

Fasting Insulin and Prolnsulln 

Fasting proinsulin levels were nearly twice as high 
in children and adolescents with impaired glucose tol- 
erance and diabetes as in those with normal glucose 
tolerance (P<0.002) (Fig. 2). The mean plasma pro- 
insulin level was 1.6 ±0-02 ng per milliliter in children 
with normal glucose tolerance, as compared with 2.6± 
0.02 ng per milliliter in those with impaired glucose 
tolerance (P=0.002). The mean ratio of proinsulin 
to insulin was 0.11±0.005 in children with normal 
glucose tolerance and 017±0.01 in those with abnor- 
mal glucose tolerance. The fasting plasma proinsulin 
level was 2.4±0.01 ng per milliliter in adolescents with 
normal glucose tolerance, 4.5x0.06 ng per milliliter in 
those with impaired glucose tolerance, and 6. 2 ±0.12 
In those with diabetes (P= 0.002 for both compari- 
sons with the adolescents with normal glucose toler- 
ance). The ratio of proinsulin to insulin was 0.16 ± 
0.002 in adolescents with normal glucose tolerance, 
0.17±0.02 in those with impaired glucose tolerance, 
and 0.23±0.06 in those with diabetes (P=0.30 for 
both comparisons with the adolescents with normal 
glucose tolerance). 

Early-Phase Inaulin Scorction and Insulin Ftoai&tancc 

Impaired glucose tolerance in children was not as- 
sociated with significant differences in the early chang-' 
cs in the glucose level, the insulin level, or the insuttn- 
ogenic index (Fig. 3). In contrast, among adolescents 
with impaired glucose tolerance, there were changes 
in the plasma glucose level at 30 minutes that were 
significantly greater than those that occurred in ad- 
olescents with normal glucose tolerance, although 
these changes were not associated with a significant 
increase in plasma insulin levels. Consequently, the cal- 



culated msulinogenic index was slightly but not sig- 
nificantly lower than that among adolescent? with nor- 
mal glucose tolerance (P= 0.09). On the other hand, 
a s ignifi cant reduction in the insulmogenic index was 
clearly observed among the adolescents with type 2 
diabetes. After adjustment for differences in age and 
body-mass index, the subjects with glucose intoler- 
ance or diabetes had a significantly higher insulin- 
resistance inde* than did those with normal glucose 
tolerance (P<0.001) (Table 2). 

Cardiovascular Riak Factors ( 

Fasting lipid and lipoprotein profiles were similar 
in all groups, except that tke fasting triglyceride levels 
. were higher among the adolescents with impaired glu- 
cose tolerance than among those with normal glucose 
tolerance (150^20 vs, HS±7 mg per deciliter [1.7 ± 
0.2 vs. 1.3±0.08 mmol per liter], P-0.05). No differ 
ences in systolic and diasrolir blood pressure were ob- 
served between children or adolescents with normal 
glucose tolerance and those with ' impaired glucose 
tolerance. 

Risk Factors Associated with Impaired* Gluooea Tolerance 

Risk factors associated with the presence of impaired 
glucose tolerance included in the logistic-regression 
'analysis were the body-mass index, age, the insulino- 
genic index (as a categorical variable), the fasting plas- 
ma insulin and prevnsulin levels, the two-hour insulin 
\ levels, and the insulin-resistance index. Body-mafic in- 
dex, age, and the Insulinogcnlc index did not signif- 
icantly predict impaired glucose tolerance. However, 
the in5uJin-resistance index strongly predicted the two- 
hour glucose level, with an odds ratio for impaired 
glucose tolerance of 1.27 (95 percent confidenrp inter- 
val, 1.15 to 1.40) -per increment of 0.24 in the insu- 
lin-resistance index (P<0.001); other predictors, in 
order of predictive power, were .the, fasting proinsu- 
lin level, the two -hour insulin level, and the fasting 
insulin level. A positive, continuous relation was 
found in the entire cohort betwecnthe insulin-resist- 
ance index and the two-hour glucose level (r=0.42, 
P<0.001). 

DISCUSSION 

In a multiethnic cohort of obese children and ado- 
lescents, we found a high prevalence of impaired glu- 
cose tolerance. Previously undiagnosed type 2 diabetes 

' was detected only among the adolescents percent), 
and all four subjects .with diabetes we're members of 

* minorities. Children and adolescents 'with impaired 
glucose tolerance included both white and minority 
children. The risk factors associated with impaired 
glucose tolerance included insulin resistance, marked 
hyperinsulinemia both after fasting and after a glu- 
cose challenge, and hypcrproinsiilmemia after fasting. 
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T^'kr Arslanian cc al.,* 1 we also found impaired glucpee 
tolerance in some obese adolescents \wltb ithefpoly- . 

, cystic pyary syndrome. On the othcrhand, pur, study 
" .;did not confirm that a family history o# type 2 litaberxs 
to a risk fiictpr for impaired glucpsc tplerarice 5 perhaps ' 

. because we studied a group of high-risk obese^ rh i ldrf n 
and .adolescents. -JfUrJaough' children and. ajdpleiscenis 
witH^mllcuy impaired glucose toleranc&V provide < a 
unique model that can help us identify the early events 
;that lead to diab.ctca ^without the a>nfounding effects 
of aging and hyperglycemia, there is little information 



.v <i < 



^ayailajble^abp^it risk .factors associated -with unpaired 

•iglucgsc tojeranccin youog persons, pur data indicate 
t% thatlin.yi1in'ireaisi^ce is a* strong prcdictpr ofthe tsvo- 
,hour plasma glucose levels, in obese chfldtejaiaxid ado- 
lescents, Thus, it znay t pUy an important ^art* in *hc 
^transition from normal to impaired glucose- tokiance . 
. Ttie degree of obesity was no? found to be a signif- 
icant risk factor, possibly because ( t^,raajctriry, of pur 
.subjects yvere severely obese. The effects of of?e$ity on 
i the deterioration of glucose tolerance are most likely 
, mediated by it? inetabojic .complications — particular- 



NBnglj M«i* Vol. S^rVJl. - Mwchl4,2002 ■ yr^w^^rs t-PP 7 



23. FES. 2005 1 6:1 9 44J 1 937J466492 



NO. 8301 P. 8 



The New England Journal of Medicine 



A Children 
90- 



320* 



8.0- 



J 

to 

8 

.£ 

8 
S 

u 



60- 



30- 




£ 2d0- 

5 



:= ' 180- 



80- 



i 




X 6.0- 



m 4-0- 

□9 



■5 2.0- 




NGT 



rGT 



NGT IGT 



NGT 



IQT' 



Adolescents 



120 




~ 160 




NGT IGT DM 



NGT IQT DM 



Figure 3. Mean <=SE) Changes Trom Base Line to 30 Minutes in Plasma Glucose and Insulin Levels and the Ratio of the Change in 
!nsulin'to'th9'Chanoe in Glucose (the Insullnogonlc Index) In Obese Children and Adoloeoento with Normal Gluoood Toleranoo 
(NGT), Impaired Glucoee Tolerance (IGT), or Typo 2 Diabetes Mel lit u a (DM). 

To convert values for glucose to millimoles per fixer, multiply by 0.0S551; to convert values for insulin to pico moles per liter, multiply by 6. 



ly insulin resistance and hyperinsulincmia. Similar find- 
ings have been reported among adult Pima Indians 22 
and Mexican-American adults. 23 Although longitudi- 
nal studies arc required to determine the sequence of 
events involved in the' transitions from normal to im- 
paired glucose' tolerance and from glucose intolerance 
' to diabetes, our study suggests that the onset of im- 
paired glucose tolerance in obese children and ado- 
lescents is clearly associated with the development of 
severe insulin resistance while normal beta-cell func- 
tion is still relatively preserved. In the presence of overt 
diabetes, insulin secretion declines, as demonstrated by 



the lower insulin levels during the oral glucose-toler- 
ance test in the adolescents with type 2 diabetes. ' 

The loss of the first phase of insulin secretion has 
important pathogenic consequences, since it plays a 
' 1^ part m priming ijamlm action in target tk^es* that 
are responsible for normal glucose homeostasis, 2 ^ 5 

• As a marker of early beta-cell response, we used the 
insulinogenic index, which was par ti^y ^presen>cd 
in the adolescents with' impaired glucose;tbleJu^e, 

• whereas it was significantly rcducfed. m t ; thc : pj$cnce 
of frank diabetes. To further cvalmfe^bcca^ell func- 
tion early in the prediab'etic stage 'in 6bcs"c|f hlldre'q, 
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wc measured proinsulin levels and calculated the ratios 
of proinsulin to insulin. Disproportionate hyperpro- 
insulineinia is a clear marker of bcca-cell dysfunction 
in overt type 2 diabetes. 0 - 9 - 26 In Japanese-Arn^rican 
men, 27 Mexicans, 28 and elderly white persons, 29 in- 
creased proinsulin levels have been found to predict 
the development of type 2 diabetes. In this study, fast- 
ing proinsulin levels were increased in children with 
impaired glucose tolerance, but their proinsulin-to- 
insulin ratios did not differ significantly from the ratios 
among those with normal glucose tolerance. Thus, 
in the very early Stages of glucose intolerance in chil- 
dren and adolescents, despite the increased demand 
for beta-cell secretion, the hyperproinmliniiiiiaa. is pro- 
portional to the hyperixxsulincmia. The vigorous hy- 
pcrinsulincmic response to glucose found in the prc- 
dlaberic stage Id obese children and adolescents may 
reflect an up-regulation of beta-cell function caused 
by chronic severe insulin resistance. Such a degree of 
hyperinsulinemia ia not present in adults with impaired 
glucose tolerance. 30 It is conceivable that advanced age, 
together with changes in the size and mass of beta 
celk, the accumulation of amyloid in the islets, or both 
may contribute to the phenotypic expression of im- 
paired insulin secretion that is found in some adults 
with impaired glucose tolerance, 8 ^ 

The oral glucose-tolerance test is a labor-intensive 
method for studying carbohydrate metabolism* Un- 
questionably, the faating plasma glucose level is' eas- 
ier and fester to measure, and its measurement is more 
acceptable to patients than an oral glucose-tolerance ' 
test. In our cohort of obese children and adolescents 
with impaired glucose tolerance, the prevalence, of 
impaired fasting glucose levels (more than 110 mg 
per deciliter or 6 mmol per liter) was extremely low 
(less than 0.08 percent), whereas all four adolescents 
with diabetes had impaired fasting glucose levels. This' 
suggests that fasting hyperglycemia ifl.indicative of a' 
more advanced stage of clinical diabetes, arid the ldt> 
termination of its presence represents a insensi- 
tive method for detecting unpaired glucose tolerance. 
Similar findings on the low prevalence of impaired . 
fasting glucose levels in adolescents have recently been 
reported by Fagot-Compagna et al. 31 Our study sug- 
gests that the oral glucose-tolerance test can reliably 
establish a diagnosis of impaired glucose tolerance, 
since the intrapcrson variation was low in obese chil- 
dren and adolescents. This test may he required for 
the early detection of impaired glucose tolerance as 
well as of silent type 2 diabetes in patients with se- 
vere childhood obesity. 

In summary, this cross-sectional study suggests that 
insulin resistance, initially associated with hyperinsu- 
linemia and hypcrproinsulinemia, is the most impor- 
tant risk factor linked to the development of impaired 
glucose tolerance in severe childhood obesity. In the 



presence of established diabetes, beta-cell Mure be- 
comes fully manifest. 
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